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A paper presented by th> author at the 814th meeting of the American Institute of Electrical Engineers, held in St. 
Louis, on Oct. 19, 1915, covers the characteristics, electrical and mechanical design of the repulsion-start, single-
phase induction motor. 

The pres nt paper similarly deals with the automatic-start, polyphase induction motor which has very similar 
characteristics. 

This automatic-start polyphase motor has come into considerable prominence during the last few years. A large 
number of motors of this type is now being built and placed in service. While there is considerable literature on the 
subject of induction motors, there is little information available on this type of motor which in reality is a combination 
of two types of motors, a very high-resistance-rotor induction motor and a low-resistance-rotor induction motor. The 
motor is converted from a high-resistance-rotor motor at starting, to a low-resistance-rotor motor running by means of an 
automatic switch. 

The objects of this paper are: 
1. To set forth the general characteristics of this type of motor as compared with other standard types of motors. 
2. To outline a commercially practical method of studying electrical design of existing motors, and pre deter mining 

the electrical design of proposed motors. 
3. To discuss the mechanical design. 

1—General 

THE automatic start polyphase induction motor 
consists of a field or stator of laminated toothed 
construction having the usual two- or three-phase 

winding wound thereon and connected to the supply 
circuit. 

The armature or rotor has two windings, one being 
a progressively wound, low-resistance winding con-
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nected to the short-circuiting device, and the other 
winding being of high-resistance squirrel-cage design. 

Fig. 1, is a cross sectional view of this type of motor. 
The high-resistance winding is usually placed near 

the surface of the armature, thus giving minimum react
ance, and can be proportioned to give high static torque 
with low static current. The low-resistance winding 
is usually placed deeper in the armature or beneath the 
high-resistance winding, and as a result would have high 

reactance at stand-still due to primary frequency in the 
armature. However, near synchronism, the frequency 
in the armature being low, the low-resistance winding 
also has low reactance; hence gives good running con
ditions. 

The motor starts as an induction motor with only 
the high-resistance armature winding in circuit, thus 
permitting low static current and high static torque. 
After the motor has attained a predetermined speed, 
the low-resistance winding is short-circuited thus per
mitting the motor to run with all the rotor copper in 
circuit, giving small slip, high efficiency and high power 
factor. 

The starting winding can be designed for a maximum 
static torque for a given current, thus limiting the 
starting current. The running winding can be de
signed for the best running conditions when the motor 
attains speed. This type of motor therefore has the 
desirable characteristics of a very high-resistance 
squirrel-cage motor at starting, and the desirable 
characteristics of a low-resistance squirrel-cage motor 
when running. 

The principle, that polyphase induction motors with 
the high-resistance rotors start with low current has 
been known as long as they have been manufactured. 
The slip-ring, wound-rotor polyphase motor with re
sistance in the rotor at starting, represents a practical 
application of this principle. It is only recently, 
however, that the desirable starting characteristics 
obtained manually in the slip-ring type of motor, has 
been made possible by the automatic-start polyphase 
induction motor. 

The very practical and substantial automatic gover
nor and multi-point short-circuiting device developed 
and used on repulsion-start, single-phase induction 
motors, have assisted very materially in making the 
automatic start polyphase motor commercially practical 
from the very beginning. 
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DATA ON STATIC TORQUE AND STATIC CURRENT OF 

MOTORS 

Table I gives static torque and static current for 
various classes of direct-current and alternating-cur
rent motors. 

As may be observed from these data, approximately 
the same low static current for a given static torque 
may be obtained from direct-current motors with 
starting resistance, with single-phase motors of the 
repulsion-start type, and polyphase induction motors 
with manually-operated resistance in the rotor, and 
with the automatic-start polyphase induction motor. 

Experience with motor application on various kinds 
of drives, shows that a static torque of 175 to 250 per 
cent of full-load torque is desirable to break the static 
friction of machinery or apparatus. 

The central stations are favorably inclined towards 
this type of polyphase motor, as it takes a minimum 
current from the line during the starting period, for a 
satisfactory static and starting torque. A further 
advantage of this type of motor over that of a manually 
started motor, is that the starting currents are pre
determined and cannot be changed by an inexperienced 
operator, as is possible with all manually started ap
paratus. 

This type of motor has high power factor during the 
starting period, which compares favorably with average 
power factor obtained with manually started slip-ring 
motors, and has considerably higher average power 

factor than is likely to be obtained with manually 
operated slip-ring motors. 

Weight and Size. Weight and size of the automatic-
start polyphase induction motor for a given speed and 
rating, are practically the same as for a direct-current 
motor, or of a polyphase wound-rotor slip-ring type 
induction motor. 

The squirrel-cage polyphase induction motor, is, 
of course, somewhat lighter and smaller than the motors 
mentioned above, due to the absence of slip ring, com
mutator, or short-circuiting device, but it must be 
remembered that for squirrel-cage motors of appreci
able size, starting compensators are necessary or ad
visable, which adds considerably to the expense and 
weight of the combined installation. Troubles inci
dent to the use of compensators in the hands of in
experienced operators, detract somewhat from the 
apparent simplicity of the squirrel-cage polyphase 
motor installations. 

Field of Application. The automatic-start polyphase 
induction motor is well adapted for operating various 
kinds of machinery having considerable inertia, or 
loads that are difficult to start from rest. It is also 
well suited for the operation of machinery where the 
motor would not be under constant supervision of an 
operator. It can be started on a fuse or other protec
tive device which will protect the motor under opera
ting conditions. A fuse of 120 per cent of rated current 
of the motor, is usually quite large enough, and a fuse 

T A B L E I 

Class of 
motor Kind and size of motor 

Static torque in 
per cent of full-

load torque 

Static current in 
per cent of full-
load current 

Per cent full-load 
torque for full-

load current static 

Maximum pulling 
torque in per cent 
of full-load torque 

Small d-c. compound without starter, % h. p. and smaller 350 450 78 275 

Direct 
current 

Small d-c. shunt without starter, % h. p. and smaller 

Large d-c. compound with starter, X h. p. and larger 

250 

200 

450 

170 

55 

118 

200 

300 

Large d-c. shunt with starter, X h. p. and larger 180 170 106 225 180 170 106 225 

Single-phase induction motor split-phase start, up to 1/3 
h. p 220 500 44 225 

Single-phase induction motor with clutch and with hand or 
automatic start, for cutting resistance and reactance in and 
out of circuit, up to 15 h. p 140 250 56 150 

Single-phase strougly compensated repulsion motor, up to 
15 h. p 225 500 50 275 

Single 
phase 

Single-phase weakly compensated repulsion motor, up to 
1 h. p 

Single-phase repulsion-start induction motors, 1/10 to X 
h. p. incl 

360 

450 

270 

260 

133 

175 

300 

225 

Single-phase repulsion-start induction motors, 1/3 h. p. 
and larger 335 270 125 175 

Single-phase repulsion-start induction motor, 7 ^ h . p. and 
larger, with resistance starter 100 170 60 175 

Single-phase repulsion-start induction motor, 7 X h. p. and 
larger, with compensator starter 100 100 100 175 

Small two- and three-phase squirrel-cage induction motors, 
without starter, X h. p. and smaller 215 475 45 225 

Two- and three-phase squirrel-cage induction motors with
out starter, X h. p. to 10 h. p. incl 225 550 41 225 

Polyphase 
induction 

Two- and three-phase squirrel-cage induction motors with 
starting compensator, 7 X h. p. and up 90 300 30 225 

Two- and three-phase automatic-start wound-rotor induc
tion motors, X to 10 h. p. incl 250 260 96 225 

Two- and three-phase automatic-start wound-rotor induc
tion motors, 15 to 50 h. p. incl 225 260 87 225 

Two- and three-phase wound-rotor induction motors with 
resistance in rotor for starting, 5 h. p. and up 150 170 90 225 



774 H A M I L T O N : P O L Y P H A S E I N D U C T I O N M O T O R Journal A . I. E . E . 

T A B L E II 

as large as 1 5 0 per cent of rated current of motor, is 
never needed to start any load within the capacity of 
the motor. The motor can therefore be started on a 
fuse or other protective device which will protect the 
motor under operating conditions. 

II—Electrical Design 
ANALYSIS OF 1 0 - H . P. , 440 -VOLT, FOUR-POLE, 60 -CYCLE 

M O T O R 

In analyzing a motor, it is well to make accurate load 
tests so that the load readings may be checked against 
the calculations, taking sufficient readings to be sure 
of performance. 

12 16 
HORSE POWER 

F I G . 2—PERFORMANCE C U R V E S 
Automatic start, three-phase induction motor, 10 h. p., 440 volts, 60 

cycles, 4 poles, all copper in armature. 

A running idle magnetization test should be made 
beginning with a voltage somewhat above normal, and 
reducing the voltage, taking readings at suitable in
tervals until a voltage is reached where the current 
begins to increase. A further decrease in voltage causes 
the motor to stop. 

A blocked saturation test is made by short-circuiting 
the entire rotor by some convenient method, and begin
ning at a low voltage, reading watts, volts and amperes, 

taking readings up to full voltage of motor or as near 
full voltage as is practical. 

The results of load tests, running idle magnetization 
test, and blocked saturation test, are shown in Figs. 2, 
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F I G . 3 — I D L E M A G N E T I Z A T I O N C U R V E S 
Automatic start, three-phase induction motor, 10 h. p. 60"cycles, 4 poles, 

all copper in armature. 

3 and 4 . The observed points are indicated on Fig. 2 
but curves are drawn through the calculated points. ~m 

All of the data shown in Figs. 2 , 3 and 4 were taken 
with all of the rotor copper in use and therefore give 
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F I G . 4 — B L O C K E D SATURATION C U R V E S 
Automatic start, three-phase induction motor, 10 h. p., 440 volts, 60 

cycles, 4 poles. 

the performance of the motor when up to speed. Only 
the starting winding is in service when motor starts 
and the performance of motor when starting is dis
cussed later in this paper. 

T A b L E 11 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Froi n current 1 ocus 

(1) 

(2) 
440 

X (1) 
(2)2 

X .575 
560.6 
+ (6) 

(5) 
~ (7) 

(8) 
X 7 . 0 4 

(3)2 
X 1.14 

(12) 
(8) 

- (10) 

(12) (12) 
(11) 

X 1800 Froi n current 1 ocus 

(1) 

(2) 
440 

X (1) 
(2)2 

X .575 
560.6 
+ (6) 

(5) 
~ (7) 1800 

(3)2 
X 1.14 (8) 

(8) 
- (10) (5) 746 

(11) 
X 1800 

Power 
comp. of 
primary 
current 

Primary 
current 

h 

Secondary 
current 

Is 

Power 
factor 
COS 0 

Watts-
input 
motor 

Watts-
primary 
copper 

loss 

Watts 
total 

primary 
loss 

Watts-
input to 
second

ary 

Pounds 
rotor 

torque 

Watts-
second

ary 
copper 

loss 

Rotor 
speed-

% sync. 

Motor 
output 
watts 

Motor 
efficiency 

% 

Motor 
output 

h .p . 

Rev. 
per 

min. 

1.327 
6 .0 

14 .5 
19 .2 
20 .3 
27 .3 
3 1 . 5 
3 5 . 4 
42 .0 
50 .0 
52 .2 
50 .8 
44 .0 
38 .1 
3 4 . 4 

5.81 
8 .0 

16.0 
21 .0 
22 .0 
3 0 . 0 
35 .0 
40 .0 
50 .0 
65 .0 
75 .0 
85 .0 
90 .0 
95 .0 
Q 7 n 

0 
4 . 9 

13.2 
18 .3 
19.3 
2 7 . 0 
3 1 . 9 
3 6 . 6 
46 .4 
60 .6 
7 0 . 4 
80 .1 
84 .9 
90 .0 
91 5 

22 .8 
75 .0 
90 .7 
9 1 . 4 
92 .2 
91 .0 
90 .1 
88 .5 
85 .0 
77 .0 
69 .6 
59 .8 
48 .9 
42 .3 
Qf; a 

580 
2640 
6385 
8455 
8935 

12,000 
13,870 
15,590 
18,600 
22,000 
23,000 
22,350 
19,380 
16,770 

19 .4 
3 6 . 8 

147 
254 
279 
517 
704 
921 

1440 
2430 
3235 
4160 
4660 
5185 

580 
598 
708 
815 
840 

1078 
1265 
1482 
1901 
2991 
3796 
4721 
5221 
5746 

100 
98 .8 
9 6 . 6 
95 .0 
94 .8 
92 .2 
90 .8 
89 .2 
85 .4 
77 .9 
70 .3 
58 .2 
45 .9 
16.26 

76 .3 
85 .8 
85 .8 
85 .8 
84 .0 
82 .5 
80 .7 
76 .5 
67 .3 
58 .4 
45 .6 
3 3 . 5 
10.7 

1800 
1778 
1739 
1720 
1715 
1660 
1634 
1604 
1537 
1403 
1266 
1047 
825 
293 

1.327 
6 .0 

14 .5 
19 .2 
20 .3 
27 .3 
3 1 . 5 
3 5 . 4 
42 .0 
50 .0 
52 .2 
50 .8 
44 .0 
38 .1 
3 4 . 4 

5.81 
8 .0 

16.0 
21 .0 
22 .0 
3 0 . 0 
35 .0 
40 .0 
50 .0 
65 .0 
75 .0 
85 .0 
90 .0 
95 .0 
Q 7 n 

0 
4 . 9 

13.2 
18 .3 
19.3 
2 7 . 0 
3 1 . 9 
3 6 . 6 
46 .4 
60 .6 
7 0 . 4 
80 .1 
84 .9 
90 .0 
91 5 

22 .8 
75 .0 
90 .7 
9 1 . 4 
92 .2 
91 .0 
90 .1 
88 .5 
85 .0 
77 .0 
69 .6 
59 .8 
48 .9 
42 .3 
Qf; a 

580 
2640 
6385 
8455 
8935 

12,000 
13,870 
15,590 
18,600 
22,000 
23,000 
22,350 
19,380 
16,770 

19 .4 
3 6 . 8 

147 
254 
279 
517 
704 
921 

1440 
2430 
3235 
4160 
4660 
5185 

580 
598 
708 
815 
840 

1078 
1265 
1482 
1901 
2991 
3796 
4721 
5221 
5746 

2042 
5677 
7640 
8095 

10,922 
12,605 
14,108 
16,699 
19,009 
19,104 
17,529 
14,159 
11,024 

Q K S O 

7.98 
22 .2 
29 .85 
3 1 . 6 
42 .8 
49 .3 
55 .2 
65 .3 
74 .3 
74 .7 
68 .5 
55 .3 
43 .15 
3 7 X 

2 7 . 5 
199.5 
383 .0 
426 .0 
833.0 

1165.0 
1530 
2460 
4200 
5670 
7330 
8230 
9230 

100 
98 .8 
9 6 . 6 
95 .0 
94 .8 
92 .2 
90 .8 
89 .2 
85 .4 
77 .9 
70 .3 
58 .2 
45 .9 
16.26 

2015 
5477 
7257 
7669 

10,089 
11,440 
12,578 
14,239 
14,809 
13,434 
10,199 

6490 
1794 

76 .3 
85 .8 
85 .8 
85 .8 
84 .0 
82 .5 
80 .7 
76 .5 
67 .3 
58 .4 
45 .6 
3 3 . 5 
10.7 

2 .705 
7 .35 
9 .73 

10.29 
13.50 
15.36 
16.87 
19.09 
19.87 
18.00 
13.68 

8 .7 
2.41 

1800 
1778 
1739 
1720 
1715 
1660 
1634 
1604 
1537 
1403 
1266 
1047 
825 
293 

200 -

160 -

. - 120 -

OC 

3 80 

40 -

o>-
0 

50,000 

40,000 

30,000 

CO 

I 

20,000 

10,000 

o 0 
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Calculations on polyphase motors are, for conveni
ence, usually based on equivalent single-phase current 
and resistance values. Unless otherwise indicated, 
all current and resistance values in this paper are of the 
equivalent single-phase values. 

As is well known, the equivalent single-phase cur
rent of either a delta- or Y-conected three-phase motor 
is 1.73 times the current in one line. The equivalent 
single-phase resistance of either a delta- or Y-connected 
three-phase motor, is one-half of the ohmic resistance 
between line leads. 

i,o[—I—|—I I 1 M 
^ 

0 — h ^ R — 
— 3 ~ - 2 — 

L ° M iTijrr 
• ^ ^ O I O L O I O I o l o IO FO O FCJ)"LO LO151 O I ^ ' f y ^ -

Phase 1 -1 0 1 2 2 2 2 2 2 2 2 2 1 0 - 1 - 2 
Phase 2 -1 -1 1 -1 0 i 1 1 1 1 1 1 1 1 1 
Phase 3 1 1 1 1 1 1 1 1 \ 0 -j -1 -1 -1 -1 -1 

0 1 2 2 * 3 3* 4 3 i 3 l\ 2 T~0 

H 26 H 

< 28 J I 1 

1x26-26 f V - 1 

J 635 V. per Pole 

F I G . 5 — W I N D I N G CONSTANT CALCULATION 
For a condition when phase 1 has maximum current and phases 2 and 3 

are equal, each having X the current of phase 1. 

The equivalent single-phase current of a two-phase 
motor is obviously the sum of the currents in the two 
circuits. The equivalent single-phase resistance of a 
two-phase motor is one-half of the ohmic resistance 
between the line leads of one phase. 

Comparison of design and performance data of 
single-, two- and three-phase, and direct-current motors, 
can readily be made when the equivalent single-phase 
current and resistance values are used. 

Motor Data 
48 field slots 
61 armature slots 

Field Winding 
Two coils per pole per phase of 21 turns, two No. 13 

wires in each coil. 
2 X 21 = 42 No. 13 wires in each slot. 

F G 

A 

F I G . 6 — W I N D I N G CONSTANT CALCULATION BY SINE W A V E 

M E T H O D 

/
l 80 p -.180 

sin 0 d 0 = | — Cos 0 J = 
0 

[Cos 180° - Cos] = - [ - 1 - 1] 

r7h r i 7 * 
Area A B E = I sin d d 6 = - \ Cos 0 = - Cos 7lA° 

J o o 
+ Cos 0° = - .99144 + 1.00000 = .00856 

J22^ P --\22-

sin 0 d 0 = - Cos 0
 2 = - Cos 2 2 ^ ° 

o J o 
+ Cos 0° - - .92388 + 1.00000 = .07612 

-90 r 90 

sin 0 d 0 = - Cos 0 = - Cos 90° 

82§ 8 2 | 

+ C o s 8 2 ' 2 ° = - .00000 + .13053 = .13053 

Area coil (1) = 2 - 2 [A B E] = 2 - .01712 = 1.98288 

Area coil (2) = 2 - 2 [A C D] = 2 - . 15224 = 1.84776 
3.83064 

Area F G J90 

S 9 i 

K 

C. T. 

3.83064 

2 X 2 -

.13053 X 2 

9576 when phase 1 is a maximum, and 
phase 2 = 3 

.261 
= — 2 " = • 13 or 1 3 % of the flux per pole 

is in the central tooth 

All poles in series. Motor star-connected. 
Resistance of field wire between leads, 1.15 ohms or 

0.575 ohms per phase. 
Diameter of field punchings = 13 in. 
Bore of field punchings = 8 1/4 in. 
Net amount of iron 5 X 0.95 in. = 4 . 7 5 in. 
Single air gap = 0.028 in. 

M A G N E T I C C I R C U I T C A L C U L A T I O N S 

Section Width in inches 

Length in 
inches along 

shaft Area in sq. in. Flux Density 
Length of 

circuit 
Ampere-turns 

per inch Ampere-turns 

Min. 0 .197 5 X 0 .95 0 .936 89,800 
Field tooth Av. 0.271 = 4 .75 1.29 84,000 65,200 2 .89 7 .3 21 .1 

Max. 0 .345 1.64 51,200 

Field yoke 0 .914 4 .75 4 .34 294,000 67,800 9 .46 3 . 5 33.1 

Min. 0 .107 0 .508 130,200 
Armature tooth Av. 0 .141 4 .75 0 .669 66,100 98,800 1.75 4 . 5 78 .8 

Max. 0 .175 0 .83 79,600 

Armature yoke 1.13 4 .75 5 .36 294,000 54,800 4 .23 2 . 5 10.6 

Air gap per tooth 0.461 5 . 2 .3 84,000 36,450 0 .056 add *639.0 

Total 782.6 

*Ampere-turns absorbed in air gaps = 0 .313 X 36,450 X 0.056 = 639. 



776 H A M I L T O N : P O L Y P H A S E I N D U C T I O N M O T O R Journal A . I. E. E . 

Fig. 5 gives the winding diagram and method of 
figuring the winding constant, which is 0.963. 

The winding constant calculation, as will be observed, 
is based on the theory that the magnetic flux of the 
various teeth is proportional to the ampere-turns 
surrounding those teeth. 

Fig. 6 gives the method of obtaining the winding 
constant if we assume sinusoidal flux distribution and 
determine the winding constant by integration. This 
method gives a winding constant of 0.957, which is 
practically the same as the constant obtained by the 
above method, and will give the flux per pole, and the 
flux in various parts of the magnetic circuit, of ap
proximately the same value as the first method. 

Flux per pole = 
63.5 X 10 8 

4.44 X 60 X 42 X 0.963 

= 588,000 
4/28 = 0.142 or 14.2 per cent of flux per pole is in 
central tooth. Flux in central field tooth = 0.142 
X 588,000 = 84,000. Flux in central armature tooth 
= 48/61 X 84,000 = 66,100. 

As one-half of the ampere-turns of the magnetic 
circuit (at the instant the current in phase No. 1 is at 
maximum) is produced by phase No. 1, the ampere-
turns produced by phase No. 1, is 

782.6 
— g — = 3 9 1 . 3 

The magnetizing current required per phase 

391.3 X .707 
42 X 2 = 3.29 amperes, or 3 . 2 9 x 1 7 3 

= 5.7 amperes equivalent single-phase current. 
The figure 0.707 is the ratio between the maximum 

and the effective value of the current, and must be 
used to get the effective current (or that which is mea
sured by an ammeter). 

The figure 42 is the turns per pole per phase, and the 
figure 2 is used, as the turns of two poles are effective 
on the magnetic circuit. 

The observed magnetizing current A K, Fig. 7, is 
V 5.81 2 — 1.332 = 5.64 amperes, which checks very 
well with the calculated magnetizing current of 5.7. 

As the air-gap reluctance is always a very large per
centage of the total reluctance of the magnetic circuit, 
it is well to exercise considerable care in determining 
the effective area of air gap per field tooth, and also 
the length of the air gap or clearance. 

Experience shows that effective width of air gap per 
tooth for partially open field and armature slots, is 
obtained very closely when 35 or 40 per cent of one 

field slot opening is added to the actual width of the 
field tooth at the air gap, 37.5 per cent being added in 
above calculations. 

The length of air gap per tooth along the shaft, should 
be the gross amount of iron in the motor, exclusive of 
the ventilating duct. 

CIRCLE DIAGRAM AND CALCULATION OF PERFORMANCE 

The data for obtaining the rotor resistance, running 
idle and blocked points for circle diagram, are taken 
from the idle magnetization curve Fig. 3, at 440 volts, 
and the blocked magnetization curve Fig. 4, at 440 
volts, and are calculated as follows: 

The resistance of field of 0.575 ohms use in these 
calculations, was measured with instruments. The 
resistance of the field can also be obtained of course, 
by laying out the winding of one pole to scale. With 
a little time and care, the resistance can be obtained 
quite accurately by this method and it assists greatly 
in predetermining the resistance of winding of a pro
posed motor. 

The armature resistance of 1.14 ohms used in these 
calculations, is obtained as indicated by assuming the 
one-to-one transformer ratio between field and arma
ture, and therefore dividing the copper loss in the 
armature under blocked conditions, by the square of 
the armature current. All of the armature copper is 
in use when the motor is running and the above arma
ture resistance, therefore, is the resistance of the total 
armature copper. 

The ratio of the total circular mils of all wires in all 
of the field slots, to the circular mils of all the copper 
in all of the armature slots, is approximately the same 
as the ratio of the armature resistance to the field 
resistance. The above statement is approximately 
true, as the form factors of field and armature windings 
of this type of motor are approximately the same and 
therefore the copper in both field and armature is 
utilized to the same degree of effectiveness. 

This relation affords a very good method of calcula
ting the armature resistance. 

The circle diagram Fig. 7 can now be constructed. 
The running idle point 0 of the circle diagram is 

therefore on an arc of 5.81 amperes and at a height of 
1.33 amperes. 

The blocked point B is on an arc of 97.0 amperes and 
at a height of 34.4 amperes. 

The circle diagram can now be drawn, the center 
being on a horizontal line passing through the running 
idle point 0, and the circle passing through both the 
running idle point 0 and the blocked point B. 

The motor resistance now being known, the various 
losses of the motor running idle, can be separated and 

Primary Secondary Resistance Power component 
Watts Volts amperes Cos 0 IP

2 Rp Amperes Is' Rs in ohms in amperes 

Idle 580 440 5 .8 0 .228 19.4 0 0 0 .575 Field 1.33 
Blocked 15,000 440 97 .0 0 .354 5420 9 1 . 5 9580 1.14 Arm. 34 .4 

These data taken with all armature copper in service. 
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plotted as shown in Fig. 3. The extension of the ob
served watt curve to zero voltage, gives friction and 
windage losses. 

The free magnetization curves with the losses sepa
rated, Fig. 3, gives one at a glance, the various losses 
in the motor running idle at different voltages on the 

W0 = watts output 
Ws = watts input to secondary 
S = slip 

2 7r ft-lb. X rev. per min. 
h. p. = Wo/746 = 33,000 or 

ft-lb. = 
Wo X 33,000 

2 7r X 746 X rev. per min. 

Wo = Ws (1 - S) and rev. per min. = Syn. 
rev. per min. (1 

33,000 XW.(1- S) 

S) 

ft-lb. = 2 7T X 746 X Syn. rev. per min. (1 - S) 
Ws 

= 7.04 Syn. rev. per min. 

A*0 K 10 20 30 40 50 60 
AMPERES-WATTLESS COMPONENT 

70 80 

F I G . 7 — C I R C L E D I A G R A M 
Automatic start, three-phase induction motor, 10 h. p., 440 volts, 60 

cycles, 4 poles. 

motor, and therefore the action of the motor with 
different strengths of windings. Lines showing the 
densities of different parts of the magnetic circuit, 
may be drawn on this free magnetization curve, if 
desired. 

We may now proceed to calculate the complete 
performance of this motor as shown in Table II. 

Calculations. Columns 1, 2 and 3, as indicated, are 
taken from the current locus or circle diagram of the 
motor in the usual way, the primary current for any 
point on the circle, being measured from A, the second
ary current being measured from O, and the power 
component being the vertical distance from the point 
on the circle to the line A Z. 

The points on the circle diagram corresponding to 
maximum efficiency E, maximum power factor D, 
maximum power F and maximum torque G can be 
determined graphically as follows: 

The maximum power factor is at a point where a line 
through A is tangent to the circle. The vertical line 
which gives distances X and Y equal, will intersect the 
circle at the point of maximum efficiency. In other 
words, maximum efficiency occurs when the no-load 
and load losses are equal. The maximum power is at 
the point of tangency of a line parallel to O B. The 
maximum torque is at the point of tangency of a line 
parallel to O C. Calculations should be made cor
responding to these points. 

Item 560.6 at the head of column 7, is the sum of the 
iron losses (transformer and "added") 310.6 watts and 
the friction and windage loss of 250 watts. 

The other calculations indicated at the top of the 
various columns are apparent except the Rotor Torque 
(column 9) formula for which is developed as follows: 

The calculated performance curve can now be plotted 
on the curve sheet, Fig. 2, with the points which were 
plotted from the observed load test. The curves are 
drawn through the calculated points. The observed 
and calculated performances check quite closely, and 
any slight differences are due mostly to the difficulty 
in observing with precision the performance of a motor 
by loading, and also due to the difficulty of eliminating 
changing temperature conditions while taking the read
ings for circle diagram calculations and for performance 
of the motor. 

We therefore, now know the performance of the motor 
at various loads and the various losses in the motor at 
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lated 
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Per 
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23.55 2 . 5 58 .8 47 .35 18.55 87 .8 146.6 112 310 .6 
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WATTS LOSS PER POUND 

F I G . 8 
B Permeability curves for No. 26 electric ste?l. M Iron Loss curve for 
No. 26 electric steel, 60 cycle. 

those loads, with as great an accuracy as is possible, 
considering the nature of the problem. 

IRON Loss CALCULATIONS 

The iron loss calculation is given below: 
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The weight of the field teeth and field yoke, can be 
obtained with accuracy by calculating the volume of 
iron in teeth and yoke, and knowing the magnetic 
densities in these parts, and taking the loss per pound 
from a loss curve of the iron used, Fig. 8, the total 
calculated transformer iron loss of 146.6 is obtained. 
The total observed loss is taken from idle magnetiza-

F I G . 9 E 

tion curve and is found to be 310.6 which is 112 per 
cent greater than transformer loss for the motor. This 
extra iron loss is called "added" iron loss. 

Fig. 9 gives two sets of oscillograms taken from this 
motor. Oscillograms B to F inclusive were taken by 
applying a twenty-five-cycle three-phase current (os
cillogram A ) to the motor, reducing the voltage so as 

F I G . 9I 



Oct. 1922 H A M I L T O N : P O L Y P H A S E I N D U C T I O N M O T O R 779 

F I G . 9J 

F I G . 9K 

F I G . 9L 

to give the same magnetic densities as full voltage on 
60 cycles. Oscillograms H to L inclusive were taken 
by applying a sixty-cycle three-phase current (oscillo
gram G) at normal voltage to the motor. 

Data on these oscillograms are given below: 

Oscillogram 

A 
B 

C 

D 

E 

F 

G 
H 

I 

J 

K 

L 

Wave data 

25-cycle supply voltage 
Flux wave in stator tooth, idle 

Wave A supplied 
Flux wave in stator tooth, full load 

Wave A supplied 
Flux wave in polar span, idle 

Wave A supplied 
Flux wave in polar span, full load 

Wave A supplied 
Flux wave in yoke, idle 

Wave A supplied 
60-cycle supply voltage 
Flux wave in stator tooth, idle 

Wave G supplied 
Flux wave in stator tooth, full load 

Wave G supplied 
Flux wave in polar span, idle 

Wave G supplied 
Flux wave in polar span, full load 

Wave G supplied 
Flux wave in yoke, idle 

Wave G supplied 

Approx. 
amplitude of 

ripple in per cent 
of fundamental 

0 

18. 

23 . 

4 . 2 

4 . 5 

5 .2 
12 .5 

22 . 

40. 

4 . 3 

5 . 5 

5 . 4 

This motor having 61 rotor slots and being wound 
four-pole, one half of rotor slot, or 303^, will pass a 
stator slot in one cycle of line frequency. Therefore, 
since a complete change of conditions (one cycle) takes 
place in the stator tooth when the rotor has rotated 
the pitch of one slot, the frequency of the magnetic 
ripple in stator teeth should be 303^ times the primary 
frequency. Likewise the frequency of the magnetic 
ripple in the polar span and in the yoke should be 3 0 ^ 
times the primary frequency. 

These oscillograms have a ripple of 30)^ times the 
fundamental ripple, allowing for slip at full load, thus 
checking with above calculated frequency. 

A study of these oscillograms, shows the following: 
1. The rough voltage wave causes larger ripple in 

stator teeth flux than does the smooth voltage wave, 
hence, larger added iron loss. 

2. The ripple in yoke flux is not greatly affected by 
the shape of the supply voltage wave. 

3. The rough voltage wave at full load causes 
greater increase in amplitude of ripple over no load in 
stator tooth flux, than does the smooth wave, hence, 
causes greater (additional iron loss due to load) loss 
in teeth. 

4. The load losses in stator teeth with smooth volt
age wave applied and load losses of yoke with either 
smooth or rough voltage wave applied, are small. 

5. The ripple in magnetic wave over polar span is 
substantially the same as in the yoke. 

6. The per cent added iron loss in the teeth, is very 
much greater than the per cent added iron loss in the 
yoke. 

CIRCLE COEFFICIENT CALCULATIONS 

The circle coefficient and maximum power factor of 
this motor may be calculated from the physical dimen
sions of the electrical design by Behn-Eschenburg's 
empirical formula as follows: 

a = 3 / X 2 + 
10 AC 
XYT + 

5 A 
Li 

a 
X 

Y 
A 
C 

T 
Li 

Circle coefficient 
The mean number of slots per pole in field and 

armature 
Width of the slot openings in inches 
Motors single air gap (clearance) in inches 
Average tooth tip thickness of field and armature 

in inches 
Pole pitch in inches 
Net iron length of the core in inches 

For this motor we have 

(13.625)2 
+ 

10 X 0.028 X 0.0625 
13.625 X 0.125 X 6.475 

+ 
5 X 0.028 

4.75 

0.002610 + 0.001587 + 0.029490 = 0.033687 
Since the maximum power factor for a polyphase 
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motor = 
1 + 2 X 0 -

we have 
1 + 2 X 0.0337 

= 93.7 

per cent maximum power factor calculated. 
This is a fair agreement with the observed maximum 

power factor of 94.3 for this motor, and calculated 
power factor from circle diagram of 92.2. 

We have now analyzed and calculated the motor 
completely. We will next show how the various cal
culations may be made and the performance predeter
mined for a new or proposed motor. 

PREDETERMINING THE PERFORMANCE OF A PROPOSED 

M O T O R 

Each designer has his own particular method of 
starting a new electrical design, and if based on correct 
theory and sufficient data, will lead to substantially 
the same results in the end. 

Fig. 10 gives the total magnetic flux for four- and 
six-pole, 60-cycle two- and three-phase induction motors 

r>*lp 
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T-Pole'Lower ^cale 

20 
1 

40 60 80 100 120 
2 3 4 5 6 

MAXIMUM HORSE POWER OBSERVED 

F I G . 1 0 — F L U X — H O R S E P O W E R C U R V E S 

Automatic start, three-phase induction motor, 4 and 6 poles, 60 cycles. 

for various maximum horse powers and outputs. Data 
like these, when available, give a very convenient and 
safe starting point for preliminary design for not only 
this type of motor, but for any alternating-current 
induction motor. 

The principal factors which may cause a variation 
in the total magnetic flux for a given horse power, are 
the armature resistance and leakage reactance, both 
of which are fairly constant for motors of the same size 
and general construction. 

The number of slots in field and armature should 
next be decided upon. The number of field slots for 
a polyphase motor, must, of course, be determined by 
the different number of poles and phases for which it 
is desired to wind the motor. To get good results, 
usually one or two, and often three field punching 
designs are necessary. Usually one or two armature 
designs can be found which will work satisfactorily 
with the various field punching designs required. 

In general, either a lesser number or greater number 
of armature slots than field slots may be used with 
substantially the same results. 

Having decided on the best number of slots in the 
field and armature, and knowing the number of poles 
and the voltage of the motor, the number of turns may 

be calculated from the formula used in analyzing the 
motor earlier in this paper. Knowing the number of 
wires in the slot and by estimating the current taken by 
the motor of the size under consideration, the pre
liminary size of the field wire can be estimated, allow
ing 500 to 800 circular mils per ampere. The smaller 
number of circular mils per ampere should be used 
only in motors that are especially well ventilated which 
are usually rotors of comparatively high peripheral 
speed. In general, it will be found advantageous to 
work nearer to the upper figure 800 circular mils per 
ampere, when a large amount of power is to be obtained 
from a given amount of active iron. Knowing the 
number of turns and resistance of the field winding, the 
armature winding and resistance may be calculated as 
has been outlined. 

As this type motor has two distinct armature wind
ings, a starting winding and a winding which is short-
circuited when the motor reaches a predetermined 
speed, both windings must be considered when figuring 
the armature resistance, as both windings are in ser
vice when the motor is running. 

The design data of the starting windings and the 
winding which is short-circuited, are discussed more 
fully further on in this paper. 

Having the magnetic flux per pole, and having deter
mined the field winding, the flux in the various parts 
of the magnetic circuit may be determined as has been 
done previously in analyzing this motor. By fixing 
the magnetic densities in the different parts of the 
magnetic circuit, the area of the different members can 
be calculated. Magnetic densities which may be used, 
depend to a large extent on the quality and kind of 
sheet steel used. Practically all iron used at the pres
ent time in alternating current motors, shows a per
meability and watt loss as good as is given in Fig. 8. 

With iron of this quality the 

Lines per sq. in. 

Field yoke can be worked at 60,000 to 80,000 
Field teeth average section can be worked at. 80,000 " 110,000 
Field teeth minimum section can be worked 

at 100,000 " 125,000 
Armature teeth average section can be 

worked at 90,000 " 115,000 
Armature teeth minimum section can be 

worked at 100,000 " 135,000 
Armature yoke section can be worked at 75,000 " 90,000 

for 60-cycle motors. 
The preliminary electrical design may now be drawn 

to scale, starting with either armature diameter or field 
iron diameter which it is desirable to use. The pre
liminary design may be out of proportion, that is, if 
armature diameter selected is too small, the design will 
call for too much iron along the shaft, in which case a 
larger field and armature diameter is necessary. 

On the other hand, if an armature diameter is selected 
which is too large, the motor iron along the shaft will 
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be too short and the motor will be unnecessarily ex
pensive and also have poor characteristics. 

The best general proportions as to the relation of 
polar pitch at the air gap, and the length of iron along 
the shaft, may be checked by the following observations 
on this type of motor. The length of iron along the 
shaft should be 50 per cent to 100 per cent of the polar 
pitch, 60 per cent to 70 per cent giving the best all 

0 100 200 300 400 500 600 700 800 
WEIGHT OF ARMATURE - POUNDS 

F I G . 11—FRICTION AND W I N D A G E L o s s C U R V E S 
Automatic start, three-phase induction motors, 2 and 4 pole, 2 5 cycle; 

4 and 6 pole, 60 cycle, bronze bearings. 

around performance, but if the diameter of armature 
and field punchings is large, the motor will be some
what more expensive in general to build. If, as is often 
the case with the larger motors, it is desirable to build 
four-, .six- and eight-pole motors in the same frame, 
50 per cent for four-pole motors may be used, which will 
result in fair characteristics for each of the three 
motors. 

Having made the preliminary design and checked 
the general proportions, if it is considered advisable, 
new diameters and length of iron may be determined 
for the electrical design. It will therefore, usually be 
safe to proceed with the second design. 

The magnetizing current, field and armature copper 
loss, and iron loss, may now be calculated as was done 
when analyzing the existing motor. ' 'Added" iron 
loss can be estimated with a fair degree of accuracy 
from data on existing motors. If these data are not 
available, adding 100 per cent to the transformer loss 
will, in general, give fairly close results. The friction 
and windage losses depend, of course, on the air fric
tion of winding on the weight of armature, size of shaft, 
size of bearing and lubrication. 

Fig. 11 gives the data for obtaining the friction and 
windage losses of armatures of various weights and of 
various speeds. Knowing the idle losses, the running 
point of the circle diagram can be plotted. The height 
of the running idle point being the energy component 
necessary to give the idle watts taken by the motor. 

The circle coefficient, the maximum power factor, 
and hence the diameter of the circle may now be cal
culated from the physical dimensions of the electrical 
design as was done previously, the circle being drawn as 
before through the running idle point and tangential 
to the maximum power factor line, the blocked point 
not as yet having been determined. 

The complete performance may therefore now be 
calculated as was previously done. 

Having a complete layout and calculated performance 
of the proposed design, the different factors, such as, 
slip, power factor, efficiency, etc., may be considered 
in detail and detail modifications made, and the effect 
on the other factors noted with comparative ease. 
The maximum efficiency can be made to occur at either 
less or greater than full load by arranging the iron loss 
and copper loss accordingly. The point at which the 
maximum power factor occurs, can within certain limits, 
also be regulated by modification of the design. 

In designing the automatic-start type of induction 
motor, of course, special attention must be given to 
getting a fairly good start and keeping the current at 
standstill and when governor operates at proper figures. 
This necessitates using an armature with a running 
resistance which is not too low. This will be more 
fully discussed later. 

The temperature rise of the different parts of the 
motor, depends, of course, to a large extent on the 
mechanical design, construction and ventilation, 
whether natural or by forced draft as with a definite 
fanning action. Fig. 12 will serve to indicate, in 
general, how much the temperature of the motor may 
be expected to rise above the surrounding air. 

The velocity of air in feet per minute, given on the 
curves, shows the approximate amount of air which, if 
blown over the surface of an enclosed frame of same size 
and rating; will give the same temperature rise. 

DISCUSSION OF STARTING CHARACTERISTICS 

The starting characteristics of this type motor, 
depend very largely on the design of the starting wind
ing 
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F I G . 12 

Fig. 13 gives typical starting characteristics for a 
motor of this kind. 

These curves are plotted from observed readings on 
the motor. The curves may also be calculated from 
the circle diagram on the starting winding, similarly 
to the calculations of the motor under running condi
tions and with all the rotor copper. 

As may be noted from Fig. 13, this motor has a static 
torque of 75 3^ lb-ft., or 250 per cent of full load torque. 
With a static current of 65 amperes which is 300 per 
cent of full load current. 

The N. E. L. A. rules state that 75 per cent of the 
locked rotor current is considered as the starting cur
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rent, in which case the so-called starting current of this 
motor would be 75 per cent of 65 amperes, or 49 am
peres, or 230 per cent of full-load current. 

The following running idle and static readings were 
taken from this motor. The starting winding only was 
in rotor circuit when static readings were taken. 

\ 

. T w 
T ( «rqu( all Cop; >er 

. T w 

Currer t 
'Cii all :opp er. 

n 
Fi ill=L >ad Torq 

)urr 

ae 

nt Ft 

>ad Torq 

)urr 

ae 

nt 

800 1200 
REV. PER MIN. 

F I G . 1 3 — S T A R T I N G CHARACTERISTICS 
Automatic start, three-phase induction motor, 10 h. p., 440 volts, 

cycle, 4 pole, starting copper outside main winding. 
60 

The starting squirrel-cage winding in this motor, 
was placed outside of the main winding, which position 
gives a maximum static torque for given static current. 

Fig. 14 gives three circle diagrams for this motor with 
three conditions of rotor as follows: 

10 20 30 40 50 60 
AMPERES-WATTLESS COMPONENT 

F I G . 1 4 

70 90 

1. Total copper 
2. Starting copper at the bottom of slots 
3. Starting copper at top of slots. 
The latter circle was constructed from readings given 

above. These circle diagrams show clearly the ad
vantage of placing starting winding at top of slots, 
both as regards the power factor of the starting cur
rent and the starting torque. 

From the above static reading, the resistance of the 
starting winding is calculated to be as indicated 5.23 
ohms. This corresponds with the armature resistance 
of all the copper, of 1.14 ohms, and the field resistance 
of 0.575 ohms. This gives ratio of armature resistance 
(all copper) to field resistance of 1.14/0.575, or ap
proximately two times the field resistance. 

The starting copper has resistance of 5.23 or approxi
mately nine times the field resistance. The starting 
copper has 5.23/1.14, or approximately four and one-
half times the armature resistance with all the copper 
in service. 

In general, these proportions of starting winding 
resistance, running resistance, and field resistance, give 
the best starting and running conditions. 

As may be noted from Fig. 13, the starting winding 
has the maximum torque at or near standstill. Hence, 
it has maximum torque efficiency at standstill. 

If a starting winding of higher resistance is used so 
as to get lower static current, the amount of load the 
motor can bring to speed will be reduced. It is always 
desirable to have no greater current flow when governor 
short-circuits the running winding, than flowed at 
the moment of connecting motor to line. 

It will be observed from the above curves, that the 
motor brought to speed a load of 135 per cent of full 
load which is ample for any load within capacity of the 
motor. It is therefore apparent that a starting wind
ing with lower resistance, would have greater static 
current without any compensating advantage. 

The starting squirrel-cage winding is similar to any 
satisfactory squirrel-cage winding. As this winding 
must dissipate considerable heat as the motor starts 
and comes to speed, it should be well ventilated and 
insulated with sufficient heat-insulating material, from 
the windings connected to commutator, in order that 
very little of the heat from the starting winding will 
reach the insulated winding. 

It is interesting to compare the observed static tor
que and the calculated static torque. The calculated 
static torque is obtained as follows: 

18970 X 7.04 
1800 74Ulb-ft . 

The observed static torque with starting winding, 
was 70 to 78 lb-ft. depending on the temperature. 

These calculated and observed results should, of 
course, check quite closely with the readings taken with 
a rotor of the same temperature, and making due allow
ance for friction in the bearings. 

It is interesting to note that the ratio with motor 

Static 
Observed Amperes- Resistance Power torque 
readings Watts Volts Amperes Cos 4> sec. Is2 Us ohms comp. Ib-ft. 

Idle 580 437 5.81 0 .228 19 .4 0 .575 1.33 
Blocked 21,400 440 65 0 .75 2430 *61 18,970 5.23 48 .8 75 K 

•Obtained from circle diagram Fig. 14. 
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blocked, of watts armature loss to total watts input to 
motor, is 18970/21400 = 89 per cent. 

Therefore, 89 per cent of total energy taken by the 
motor is effective in producing torque. 

F I G . 1 5 A 

F I G . 1 5 C 

Fig. 15 gives oscillograms of starting current of three 
different types of motors. The following data taken 
from these oscillograms, give some interesting compari
sons. 

Equivalent 
single phase 

The point at which the governor acts on the single-
phase and on the automatic start polyphase motor, 
is apparent. 

Ill—Mechanical Design 
The success and dependability of this type of motor 

has been due to a very large extent to the fact that 
the short-circuiting device has been developed so 
that it is entirely dependable even under adverse 
conditions. 

The automatic governor which works on the centri
fugal principle, is so designed that the short-circuiting 
action takes place instantly, even though the motor 
is accelerating very slowly. 

The switch which closes the low-resistance winding, 
consists of a very large number of segments, and there
fore, each segment has a very small amount of current 
to carry. The quick action of the switch, together with 
the large number of segments in the switch, assures 
smooth and efficient action of the starting switch for a 
very long period. 

The chamber where the switch closes the circuit is 
made practically dust-proof, so no trouble is experienced 
in the action of the switch even when the motor is 
operating under dirty and unfavorable conditions. 

It is well known among designers, that a rigid frame 
and strong shaft is as essential to a quiet starting and 
quiet running motor, as is a good electrical design. 

Use of fans in this type of motor, as in others, helps 
materially to prevent hot spots and to keep the motor 
cool. 

Fig. 1 shows a cross-sectional view of automatic-
start polyphase induction motor. This view shows 
the arrangement and construction of the automatic 
switch. 

SUMMARY 

The starting efficiency of the automatic-start poly
phase induction motor, is substantially the same as for 
shunt or compound-wound direct-current, the poly
phase-slip-ring motor with resistance in rotor start
ing, and the single-phase repulsion-start induction 
motor. 

This type of motor in all sizes may be started by 
closing the switch without the use of a starter of any 
kind as it takes static current of not over 300 per cent 
of full-load current and has static torque of about 250 
per cent of full-load torque. 

This type of motor is simpler to install and operate 
than the direct-current motor with starter, or the poly
phase squirrel-cage motor with compensator, or the 
polyphase wound-rotor-slip-ring type of motor with 
resistance in rotor at starting. 

A commercial and practical method has been out
lined for analyzing existing motors or predetermining 
the performance of new motors. 

The excellent performance and the comparative 
freedom from trouble and annoyance of the automatic 
short-circuiting devices, has established this type of 
motor in the polyphase motor field. 

Amperes 

Oscil
logram Motor data 

When 
gov. 
oper
ates 

Fu 11 load Oscil
logram Motor data 

Static 

When 
gov. 
oper
ates 

Per 
line 

E qui vale 
single pha 

A 10-h. p., 440-volt, 60-cycle 
four-pole single-phase 
repulsion start induction 
motor 72 42 24 24 

B 10-h. p., 440-volt, 60-cycle 
four-pole three-phase 
automatic-start induc
tion motor 60 54 12 .5 2 1 . 5 

C 10-h. p., 440-volt, 60-cycle 
four-pole three-phase 
squirrel-cage induction 
motor 

(without compensator) 
105 12 .5 2 1 . 5 
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Discussion 
A . C . Lanier: M r . Hamilton introduces a motor which 

resembles closely in its automatic operation the combined action 
of the standard moderate-slip induction motor and its controller. 
The automatic-start polyphase induction motor runs at moder
ately low slip, yet it starts with high torque and reasonably 
small starting current. Though the starting current and starting 
torque are somewhat higher than usual in the wound-rotor type 
of induction motor with its controller, the performance of this 
motor during acceleration and at running speed is not unlike 
the former in many respects. The torque, as indicated in Fig. 
13 of the author.'s paper remains high during the entire accelera
ting period, at no point dropping below 140 per cent of the normal 
running torque. Such a motor should be suitable for many 
applications where the ordinary cage-wound motor with compen
sator would result in sluggish acceleration and a heavy draft of 
line current, with consequent impairment of voltage regulation, 
and where intelligent care and attention of operative is lacking, 
i. e.y where a "fool proof" equipment is desired. 

Attempts to secure in a single unit similar combined accelera
ting and running characteristics, either b y hand, automatic, or 
inherent change in motor characteristics during the period of 
acceleration, have been made before. The wound-rotor motor, 
for example, with starting resistance built into the rotor and 
arranged to be short-circuited b y steps during acceleration, has 
been exploited commercially. 

A type of motor in which changes are effected in its inherent 
characteristics during acceleration has also been suggested. 
This motor has a squirrel-cage rotor with deep, narrow, slots and 
bars, the latter of large section, such as would give to the rotor 

[3 
—9t 1 

[N 
1 

s 
PQ 
1 

e. m. f.s combine algebraically. The "breadth" of "bel t" factor 
is, therefore, equal to one. There is, however, a decrease in the 
generated e. m. f. in each coil due to the short-chording of the 
coil, the chording of the two coils being unequal in this case. 
The "p i tch" factors are both less than unity and unequal. 
The average of the two pitch factors of the two coils would be the 
resulting winding factor. 

The pitch factor may be shown to be equal to sin p / 2 , where 
p is the coil throw in electrical radians or electrical degrees. 
This is true for sinusoidal flux distribution in the air gap; for 
non-sinusoidal distributions sin p / 2 is the pitch factor for the 

n (180 - p ) 
fundamental e. m. f. wave, and sin 

m p 
(or cos 

a more convenient form) for the nth harmonic wave. T o justify 
this relationship for the pitch factor, assume that the flux dis
tribution in the gap is a cosine function of the maximum flux 
density, Bm, of the wave, as indicated in Fig. 1; then B, the 
instantaneous flux density at any point displaced 0 radians from 
the axis of the flux wave is B = Bm cos 0 and the value, at any 
instant, of the flux embraced b y the coil 1, whose axis is displaced 
« radians from the flux axis and has a throw pi in electrical radians 
is 

(fi = I p i /2 + a Bm cos 6 d $ 

^ J 
~ (Pi /2 - a) 

2 A ? T I = Bm cos a sin p i /2 
7T 

where X is the pole pitch and I the core length in linear measure. 
The value of flux, per pole, is 

2 \ l t i $ = Bm 

7T 

so that 
<fi = <£ cos a sin p i / 2 

The instataneous value of e. m. f. e-i generated in coil 1 is 

CL {D 
ex = - Ni — - i ( r 8 

a t 

d 
= — iVi 3> sin p / 2 cos a 10~ 8 

d t 

= 2 wf Ni $ sin p i / 2 sin « 10~ 8 

and for coil 2 
e2 = 2 7T / N2 <*> sin p 2 / 2 sin a 10~ 8 

and the e. m. f. of the two coils in series, which are in phase, is 
e = ex - f e2 

o ^ s a t x , ' sin p J 2 + sin p 2 / 2 

= 2 7T f N sin a 10 8 

2 
where 

sin p i / 2 - f sin p 2 / 2 
where N = Ni -\- N2 and , the average 

pitch factor. 
In this particular motor pi = 165 deg., since coil 1 is chorded 

one slot, or 15 deg., and p 2 = 135 deg., so that the pitch factor 
kp, is 

kp = 1/2 [sin 165/2 + sin 135/2] 
= 1/2 [0.9914 + 0 .9239] 
= 0 .9577 

This agrees with the winding factor which the author obtained 
b y his second method. 

In the calculation of air-gap reluctance the author has added 
to the stator tooth tip width a percentage of the stator slot open
ing to account for the fringing of flux at the edges of the tooth. 
This short cut method should give fairly reliable results when 

FIG. 1 

relatively low resistance. A t standstill, due to the high induct
ance of the rotor winding, the variation of slot-leakage flux would 
cause considerable current distortion in the rotor bars and con
sequent increase in the effective rotor resistance, with a resulting 
increase in starting torque; while at running slips this distor-
tional effect would be small and the rotor resistance equal ap
proximately to its ohmic resistance. Between standstill and 
running speed, the distortional effect will decrease, thus merging 
the starting into the running characteristics. 

The double-winding rotor has, however, despite its increased 
cost, and somewhat greater mechanical complexity, the ad
vantage of allowing the designer to determine starting and run
ning performance separately without very appreciable departure 
from normal design, and without having the demands of one 
compromised b y those of the other. 

The author has given in his paper detailed calculations and 
dimensions for one size of motor, and has indicated very clearly 
his procedure in design. In discussing the author's procedure it 
will be the speaker's purpose to indicate other, though not neces
sarily better, ways of approaching the same problem. 

The author gives two methods of determining the winding 
factor which give results that are in fair agreement. Another 
method, possibly somewhat simpler than either of those shown 
might be used. The two coils per pole in the same phase of the 
stator winding are, for the motor under discussion, co-axial as 
shown in Fig. 1. There is, therefore, no phase displacement 
between the e. m. f.s generated in these two coils so that their 
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checked b y tests, if the ratio of slot opening to single air gap does 
not vary widely for the different machines considered. Where 
any radical departure in design is made, however, such as a 
change from the partially closed to the open stator slot, con
siderable error may result from the use of empirical methods, 
unless dependable experimental data are available from which 
to determine the percentage increase of the tooth width for this 
condition. It is desirable, therefore, to be able to determine the 
fringing factor on the basis of the dimensional relationships upon 
which it depends. 

It was shown b y M r . F. W . Carter that the reduction in effec
tive gap area (or increase in effective gap length), due to the 
presence of slot openings, is expressable in terms of the ratio of 
slot opening to single air gap, and the ratio of tooth-pitch to tooth 
tip width. The results of M r . Carter's analysis may be plotted 
in curve form, as indicated in Fig. 2 , and the gap-correction fac
tors taken from these curves very quickly, when ratio of slot 
opening to single air gap, and that of tooth tip width to tooth 
pitch are known. These curves give values of correction c o 
efficient for a single-slotted member ; when both rotor and stator 
are slotted, the correction due to the double slotting must be 
made. Professor C. A . Adams has shown that the product of 
the two correction factors, one calculated on the assumption that 
the stator is slotted and the rotor smooth, and the other that the 
rotor is slotted and the stator smooth, gives with close approxi
mation the combined slot correction factor. The accurate 

one-to-one transformer ratio, are combined in steps, beginning 
with the secondary, thus securing the equivalent admittance of 
the total circuit and of the different parts thereof. In this 
diagram we may use, for the polyphase motor either the equiva
lent single-phase values of motor constants or the values per 
phase. F rom these admittances, starting with the total admit
tance and the primary impressed voltage, the current-voltage 
relationships in all parts of the circuit may be determined for 
different assumed values of slip, and from them the power, torque, 
power factor, efficiency and other desired quantities. 

The other general method of determining motor performance 
is graphical, using one of the several so-called "circle diagrams." 
The simplest of these, frequently referred to as the "Heyland-
Behrend" diagram, is based on the equivalent electric circuit 
shown in Fig. 4 . It assumes that the effective value of the 
potential difference impressed upon the exciting admittance is 
constant, and that the rotational losses are constant and are 

F I G . 3 

F I G . 2 

determination of the effective gap area should account, further, 
for the effects due to the fringing of flux around the core ends and 
between the sides of ventilating ducts from stator to rotor; 
though with the small air gaps used in induction motors, these 
latter corrections are, in general, small. 

In the calculation of the tooth-magnetizing ampere-turns, the 
author has used the mean value, determined b y Simpson's 
rule, of the ampere turns per inch length of path for the densities 
at the top, middle, and bo t tom sections of the teeth: this method 
is probably the best one for accurate results. Where the ap
parent density at any tooth section exceeds 110,000 lines per 
square inch, however, the flux in the air path through the slots, 
vent ducts, and interlamellar space, paralleling the iron path 
through the teeth, becomes appreciable in amount; in such 
cases the "actual" tooth density, that determined from the flux 
in the tooth iron itself (a value smaller than the "apparent" 
density) should be used. . For machines with parallel-sided slots, 
some engineers determine the magnetizing ampere turns for the 
teeth from the density at a tooth section, one third tooth-length 
from the minimum section. The speaker has used this shorter 
method and has found it to give results that check satisfactorily 
with test values. 

T w o methods are in general use for determining the perfor
mance of induction motors from simple shop test data—the 
measured stator-winding resistance, the running-light and the 
blocked-rotor tests—or for pre-determining performance from 
calculated stator and rotor resistances and reactances and the 
exciting admittance. One, the analytical method, is based on 
the "equivalent circuit" diagram shown in Fig. 3. The series 
parallel grouping of resistances and reactances, reduced to a 

supplied electrically through the primary. This approximate 
diagram gives dependable results for polyphase motors of 
normal design above five h. p . capacity. The author uses this 
diagram and his results are in reasonably close agreement with 
those obtained from running test and with values obtainable 
by the analytical method; the latter are, however, slightly nearer 
the running test values, particularly on light loads, and the 
method yields, in general, somewhat more dependable results. 

Modification of the original circle diagram, advocated b y 
Bragstad, Ossana and others, though introducing further 
complexity in construction, lead to a higher degree of accuracy. 
Though the gains in accuracy may not justify the greater difficulty 
in construction of the more accurate diagrams for large power 
motors, yet in small machines, fractional horse power motors 
in particular, the approximations of the simple circle diagrams 
lead to excessive errors in determined performance, and render 
the use of a more accurate method imperative. 

F I G . 4 

The oscillograms illustrative of pulsations in tooth flux and 
"ripples" in the total polar-flux wave are interesting and are 
suggestive of important effects upon the performance of the 
motor . These high-frequency flux variations, due chiefly to 
cyclic changes in the reluctance of the magnetic circuit, are 
responsible for a part of the losses in the motor . As is well 
known, the total losses of the induction motor on load exceed 
considerably the sum of the so-called "transformer" iron losses 
(eddy current and hysteric losses due to the harmonic variations 
of the flux, c o m m o n to both stator and rotor, at fundamental 
frequency) and the copper losses in primary and secondary, 
based on ohmic resistance of the windings. These excess losses, 
frequently referred to as "added losses" are varied in nature 
and source; usually they are traceable to current or flux distor
tion or to high frequency pulsations, directly associated, in 
many instances, with dimensional relationships in the machine. 
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The "added losses", as to character and cause, may be classi
fied as follows 

1. Extra iron loss at fundamental frequency, due to non-
sinusoidal flux distribution, constriction of flux behind the slots, 
the presence of end plates, bolts, solid frame structure, etc. 

2. Iron loss, due to slot leakage fluxes at fundamental fre
quency. 

3. Eddy current losses in the copper, due to the leakage flux 
variations at fundamental frequencies. 

4. "Surface losses," iron losses at and near the surface of 
one member, caused b y high-frequency variation of flux density, 
due to the motion of an opposed plotted member. 

5. " T o o t h pulsation losses," iron losses in the teeth, caused 
by the variation at high frequency of the tooth flux densities; 
these high frequency flux pulsations are caused b y cycl ic varia
tions in reluctance (of teeth and gap chiefly) due to relative 
motion of double-slotted members. These pulsations are 
damped b y parts of winding surroundings single teeth. 

6. Extra copper losses, due to the localized high-frequency 
currents which damp the tooth pulsations. 

7. Losses due to pulsations of magnemotive forces, caused 
by higher harmonics in the supply voltage (strongly damped) . 

Relatively slight dimensional changes, such as are frequently 
made in commercial machines, may increase greatly some of 
these added losses. The speaker has known of increases of 
from thirty to forty per cent in measured no-load losses, resulting 
from such slight and seemingly innocent changes. Sufficient 
experimental data are not available to give the engineer depend
able methods of calculating many of these extra losses, though a 
number of interesting investigations have been made and some 
usable results secured. A further extension of our knowledge 
of these losses is desirable, not only that it may be possible to 
predetermine them, but also, what is frequently of more import
ance, that the designer may choose such dimensional relation
ships as will minimize them. 

H . Weichsel: Very shortly after the polyphase motor had 
been invented it was recognized that the starting performances 
of these motors are poor when the rotor has low-resistance, and 
that good starting conditions can be obtained with high-resist
ance rotor. On the other hand, a high-resistance rotor showed 
poor running characteristics. It was in the year 1891 that 
Professor Arnold, the now well known author of the text books 
on electricity, proposed a rotor with a great number of phases 
all of which were brought out to slip rings. During the starting 
period the leads coming from these slip rings were so connected 
that the e. m. f.s produced in these different phase groups opposed 
each other. This had a result similar to increasing the rotor 
resistance. When the machine had come up to speed, the leads 
coming from the slip rings were regrouped in such a manner that 
all the e. m. f.s produced in the phase belts were helping each 
other and were short-circuited in themselves. 

Three years later, in the year 1894, Professor Goerges patented 
a motor which had two three-phase windings on the rotor. These 
windings were made with different numbers of turns, and were 
connected in parallel. During starting period the parallel wind
ings produced e. m. f.s which opposed each other, but which 
were of different magnitude; therefore, a circulating current was 
set up proportional to the differences in e. m. f. produced in the 
two windings. For this reason the motor acted like a high-
resistance rotor. After the machine had reached approximately 
normal speed, all windings of this rotor were short-circuited in 
themselves and the rotor now acted like a rotor with low-resist
ance winding. The Siemens-Schuckert Company built Professor 
Goerges' motor and put it on the market with an automatic 
short-circuiting device. This device was operated b y centri
fugal force. As soon as the motor had reached a speed near the 
normal, the centrifugal force of two governor weights was large 
enough to overpower two springs, and in this manner produced 
a short circuit of the special armature. The short-circuiting 
connection was done in three points, one contact for each phase. 

In the same year M r . Boucherot developed a unique squirrel-
cage machine which had good starting characteristics and fairly 
good running characteristics. This machine had two squirrel-
cage windings. One of high resistance which was placed near 
the surface of the armature, and another squirrel-cage winding 
of very low resistance which was placed below the higher-
resistance squirrel-cage winding and was separated from it b y a 
magnetic bridge. During the starting period the low-resistance 
winding, due to the magnetic bridge, took very little current, 
while the high-resistance winding, due to the location near the 
air gap, took practically all the current and produced good start
ing torque. When the machine had reached nearly normal 
speed, the e. m. f. due to self induction of the low-resistance 
winding had decreased very materially on account of the low 
frequency of the currents in the rotor when running near normal 
speed, and this decreased self-induction allowed the low-resist
ance squirrel-cage winding to take a very large percentage of the 
total current flowing in the rotor. 

A few years later, in the year 1899, M r . Zani took out a patent 
on a motor which had an armature with a three-phase winding. 
The three phases were short-circuited b y a combination of three 
choke coils and three resistances. The choke coils being in 
parallel to the resistances. The three choke coils were mounted 
inside of the armature spider and were designed in such a manner 
that at standstill the iron circuit of the choke coils was closed. 
When the machine came up to speed, the centrifugal force pulled 
the iron core out of the choke coils and in this manner decreased 
the self-induction of the choke coils very materially. The opera
tion of this motor is evident; at standstill, the choke coils are very 
effective and will hardly take any current, but force most of 
the rotor current through the resistances which are connected in 
parallel to the choke coils. When running, the choke coils lose 
their choking effect, due to the low frequency of the current and 
to the large air gaps which now exist in the choke coils. There
fore, during the running period the choke coils will take most of 
the current and the armature will act like a low-resistance arma
ture. 

One year later, in the year 1900, Fischer-Hinnen patented a 
motor which also had a single three-phase winding on the rotor. 
This winding was short-circuited over a set of choke coils and 
resistances, the resistances being in parallel to the choke coils 
in exactly the same manner as in a Zani motor. The only dif
ference between the Fischer-Hinnen and the Zani motor lies in 
the fact that the choke coils in the Fischer-Hinnen motor have 
no changeable air gap. The Fischer-Hinnen motor was materi
ally simpler in construction than the Zani motor, but for the same 
horse power output, required a larger frame. 

It will be noticed that nearly all the motors mentioned above 
had some kind of a centrifugal device for connecting the rotor-
starting connection into proper running connection when a speed 
near normal has been reached. N o n e of these machines, however 
short-circuited the rotor winding in more than a few, mostly 
three points. 

A t the end of 1907 the company with which I am connected, 
conducted under m y directions, some experiments with an arma
ture of a repulsion-starting, induction-running motor b y placing 
it in a polyphase stator. Between each segment of the commuta
tor a relatively high resistance was permanently connected. 
These resistances gave the motor the necessary starting torque. 
After the machine had reached a sufficiently high speed, the 
centrifugal device short-circuited all segments in exactly the 
same manner as in a standard repulsion-starting, induction-
running, single-phase motor . 

The arrangement of starting resistances proved to be too 
bulky, but the multiple short circuit was very successful. This 
is, therefore, the first case in which a short circuit in a great 
many points was applied. 

In 1908 M r . Sparrow continued these experiments and im
proved the motor b y short-circuiting permanently a few coils 
of the armature. These few coils had to carry the whole current 
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during starting period, and therefore, produced a heavy loss, due 
to the relatively high resistance of the short-circuiting turns, 
the armature acting as if it had a high-resistance winding. 
When the machine came up to speed the governor mechanism 
short-circuited the segments and transformed the rotor into a 
low-resistance rotor. A patent was granted to M r . Sparrow 
in M a y 1911. The first motors in accordance with this construc
tion were marketed in 1908 and a great many motors have been 
built since. 

It was necessary to insulate the rotor windings with asbestos 
as the heat generated in the short-circuited coils would have 
been sufficient during starting period to endanger any cot ton 
insulation. This feature gave me the idea of placing two wind
ings in the rotor. One winding which was a straight squirrel-
cage winding and one which was absolutely identical to a stand
ard d-c. winding or a winding as used on standard single-phase, 
repulsion-starting, induction-running motors . In the first 
construction of these machines I placed the squirrel-cage wind
ing near the surface of the rotor while the commuted winding 
was placed in the bo t t om of the slots. 

In this type of machine the squirrel-cage winding takes all the 
current during starting period and offers high resistance. 

Stator TEETH 

Um2tt- u 
ROTOR TEETH 

F I G . 5 

In the running period the commuted winding is short-circuited 
and works in parallel with the squirrel-cage winding, thus trans
forming the rotor into a low-resistance rotor. A good mechanical 
arrangement of the squirrel cage is not as easily obtained with the 
squirrel-cage winding near the surface of the rotor as with the 
squirrel-cage winding in the bo t t om of the slots. For this 
reason it was suggested to me to place the squirrel cage under the 
commuted winding. 

A t first thought it seemed as if this arrangement would give 
an inferior starting condit ion and I hesitated in the beginning to 
adopt this construction. A more detailed investigation of the 
subject reveals the surprising result that the starting perfor
mance is improved b y this arrangement because it decreases the 
rather too-heavy starting torque, but increases the rather low 
pull-in torque. The "pull-in torque" is the torque which the 
squirrel cage exerts at the speed at which the centrifugal device 
operates. The pull-in torque is therefore, the lowest torque 
which occurs during starting period. It is, therefore, advisable 
to have this torque raised as high as possible. 

This construction with squirrel cage in bo t t om of the slot was 
adapted b y us in preference to the original construction on 
account of the better mechanical arrangement and the better 
starting performance. 

In this construction the squirrel cage being uninsulated and 
its bars being in close touch with the rotor iron it is able to dis
sipate very quickly the heat generated during the starting 
period. The heat flows from the squirrel-cage winding into the 
iron core and as the iron core has a great deal of mass, the tem
perature rise of the winding and the core, due to the heat genera
ted in starting, will be rather small. 

During the starting period it is the heat capacity of the winding 
more than its radiating ability which is the determining factor 
of the temperature rise. Later on it will be shown that with the 
squirrel cage in the bo t tom of the slot, its resistance is lower than 
when placed in the top of the slot and therefore, the energy dis

sipated during the starting period is less in the first case than in 
the latter case. 

Shortly after this automatic starting motor with multiple 
short-circuiting device had been brought on the market, the 
public appreciated the great advantage of the automatic type 
of motor . As a result of this, a good many different makes are 
now available. Some of them are practically identical to the 
old Goerges motor and short-circuit the windings in only a few 
points. Others have three-phase resistance across three points 
of the armature. When the machine is nearly up to speed, these 
resistances are short-circuited, usually in three points. 

In the design of any induction motor it is of utmost im
portance to determine the number of magnetic lines and the 
magnetizing current. Every designer has his favorite method 
for determining these items, and the preference must be left to 
the judgment of the individual. 

For determining the number of lines, the writer has used for 
many years a method similar to the one advanced b y M r . 
Hamilton. The writer went, however, a step further and calcu
lated once for all the most frequently occurring combinations. 
The results were tabulated and published in the Electrical 
Review and the Western Electrician, October, 1910. These 
tables refer to machines with an infinite number of slots. For a 
three-phase machine with sine-shaped field distribution and full-
pitched winding we find from these tables a coefficient of 0.954. 
The e. m. f. induced in the winding of one phase of the pole is 
given b y 
E = 2 . 2 2 X 0.954 XZXNXvXfX 10"8 

= 2 . 1 2 x Z X i V X i > X / X 10~8 

Z = Conductors per pole per phase 
N = Lines per pole 
V = Frequency 

/ = A coefficient depending on the throw of the winding. 

This formula as stated above was derived for a machine with 
an infinite number of slots per pole per phase. If the slots per 
pole per phase are only a few, a correcting factor K must be 
introduced. This factor, however, is in most practical eases very 
nearly equal to unity as will be seen from the table be low: 

Slots per pole 
per phase K 

1 1.05 
2 1.015 
3 1.005 
4 1.002 
5 1 
6 1 
oo 1 

For commercial calculations it is usually unnecessary to con
sider k. 

The coefficient / is unity as long as the winding spans a full 
pole pitch. If the winding spans a deg. which is |3 deg. larger 
or smaller than 180 deg., t h e n / = sin ( a / 2 ) . 

The coefficient / can, therefore, be quickly determined b y a 
simple slide rule operation. 

The writer's method for determining the magnetizing current 
is quite different from the method given b y M r . Hamilton, and 
is based on the fact that the idle volt-ampere draw of a motor 
equals the energy stored in the magnetic field. The mathe
matical expression of this physical fact is: 

Idle volt-amperes = 2 . 4 5 X i V + 2 X p 2 X I O - 8 X V X — 

The idle amperes are equal to idle volt-amperes, divided b y 
E V 3 for three-phase and E X 2 for two-phase, where E equals 
the voltage generated in the polyphase winding when the mag
netic field has N lines. 

P = number of poles 
V = frequency 
5 = single air gaps in inches 
Q = effective air gaps section per machine 
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The value obtained in this manner represents the idle vo l t -
amperes for the air gap only. A n addition will have to be made 
for the idle volt-amperes necessary to drive the flux through the 
iron circuit. 

The writer determines the effective air gap section as follows: 
Let us consider one stator tooth and draw the effective crown 

of this tooth as function of the rotor tooth position. W e obtain 
then a variation of the effective stator crown as given in Fig. 6 . 
From this figure we can readily derive the average effective crown 
of one stator tooth as: 

Ci X C 2 

and this equation can be transformed into: 

Ci X C 2 X wi X n2 

Teff 
7T X D X V 

= crown of stator tooth 
= crown of rotor tooth 
= N o . of slots in stator 
= N o . of slots in rotor 
= Ro to r diam. in inches 
= N o . of poles 

Teff = effective pole arc 
Q = Eff. pole are X L X p 
L = iron length of motor 

Ci 

c2 

ni 
n 2 

D 
V 

FIG. 6 — E F F E C T I V E STATOR T O O T H C R O W N AS FUNCTION OF 

ROTOR POSITION 

The fringing can be considered by introducing for Ci and C 2 

values slightly larger than the mechanical dimensions of the 
crown. The well known "Carter" coefficient can be used for this 
purpose. For semi-closed slot motors it is usually' sufficient 
to add to the mechanical dimensions of Ci and C 2 the value of 
single air gap. 

The idle volt-amperes required for the iron circuit are given 
by the equation V Ai — M X V where V is the volume of the 
core or teeth and M a coefficient depending on the magnetic 
induction of the circuit. M, as function of the induction, can 
be readily derived from a test on actual machines. 

M r . Hamilton showed in his paper some very interesting and 
valuable oscillograms which give the oscillations in the stator 
teeth of a polyphase motor . He further showed very clearly 
the manner in which the frequency of these oscillations is related 
to the number of stator teeth, rotor teeth and the speed of the 
machine. It might be added here that the magnitude of these 
oscillations depends, with all other conditions alike, on 

1. Relation of slot mouth to slot pitch. 
2. Skew of one of the members. 
3. Rotor winding. 
The influence of the rotor winding on the fluctuations in the 

teeth is perhaps not generally known. If the stator-teeth 
fluctuations are taken when the rotor has no winding, but is 
driven at approximately synchronous speed, then the high-
frequency oscillations will have a certain magnitude. 

If, on the other hand, the motor is provided with a squirrel-
cage winding and the oscillogram is repeated, it will be found 
that the magnitude of the oscillations has increased. The writer 
has found values as high as four times the original value. This 
peculiar phenomenon is readily explained b y the following: 

In exactly the same manner as the rotor teeth produce fluctua
tions in the stator teeth, fluctuations will be set up in the rotor 
teeth, due to the stator teeth. If fluctuations are set up in the 

rotor teeth, currents must also be set up in the rotor winding. 
These currents will be of very high frequency and the rotor will 
act like a short-circuited high-frequency generator and will 
naturally react on its field, and therefore, produces high-fre
quency, fluctuations in the stator teeth which superpose them
selves over the high-frequency oscillations set up in the stator 
teeth due to the rotor teeth when no rotor winding is in existence. 

The oscillations in the stator core can be derived from the 
oscillations in the stator teeth if we remember that the flux in 
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the stator core is the sum of all the fluxes passing through all the 
stator teeth of one pole. In performing this addition we must 
consider the proper phase relations of the high-frequency fluctua
tions in the different teeth. The addition of these high-fre
quency oscillations may be of such a nature that the resultant 
fluctuations in the core are larger or smaller than those found in 
the stator teeth. This reasoning immediately shows why an 
oscillogram taken on a search coil which surrounds the stator 
core is very similar, if not identical, to an oscillogram taken of 
the voltage produced in a search coil placed around the teeth 
forming one pole. In either case the search coil embraces the 
vectorial sum of all the high-frequency fluctuations which take 
place in all teeth, belonging to one pole. 

Let us now return to the peculiar characteristics of the poly
phase motors with automatic starting device. Figs. 7 to 1 5 show 
some oscillograms which were taken in order to demonstrate the 
current values which occur during starting in case of a standard 
squirrel-cage machine and in case of a polyphase motor with 
automatic starting device. 

These oscillograms were taken in connection with a paper 
which was read before the American Institute branch in Detroit 
in the year 1 9 1 5 . One outstanding characteristic in these oscil
lograms is the great difference in starting current taken by a 

19 T B ? - 2 5 ^ - 6 Pols? - 210 Vo\r a 
Siurtinq I d l e on b/i0 7ransiormer Tc 

Incorrect Switching 
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given squirrel-cage rotor depending on the time in which the 
switching from starting tap to running connection is made. Due 
to the fact that this switching is done manually, it is evident 
that an inexperienced operator quite frequently will switch over 
long before the motor has reached sufficient speed, and therefore, 
can draw in this manner a current from the line which is greatly 
in excess of a current considered safe. 

Fig. 7 shows the condition of a squirrel-cage motor when 
starting idle with correct switching. Fig. 8 shows the same 
motor starting with incorrect switching. Figs. 9 and 1 0 
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show the same machine starting 3 2 per cent of normal torque, 
once when switching is done correctly and once when the switch
ing is done incorrectly. 

Fig. 1 1 shows the starting of a polyphase motor with automatic 
starting device. Naturally no oscillograms of incorrect starting 
could be taken, as it is impossible to start this motor incorrectly 
on account of its automatic feature. n the motor with auto
matic starting device the switching of the rotor from starting 
connection to running connection is always done at a predeter
mined speed, therefore, the current drawn during the switching 
operation will be the same under all conditions and is indepen
dent of the skill of the operator. These oscillograms further 
show a very interesting phenomenon in case the switching opera
tions are performed on a squirrel-cage machine. When the 
motor has reached a given speed in the s'arting condition and 
the switch is thrown from starting connection into running con
nection the stator current has to die out suddenly. The rotor 
current, on the other hand, will not die out, but will continue to 
flow. Therefore, during the switching operation, the rotor 
currents produce a powerful field which produces in turn an 
e. m. f. on the stator. 

Fig. 1 2 shows the e. m. f. across the stator terminals when 
rotor is running and immediately after motor is disconnected 
from the line. It will be seen that the e. m. f. dies out gradually. 
This phenomenon occurs no matter if motor is running idle or 
under load. See Figs. 1 2 and 1 3 . When the switch is thrown 
over from the starting position into the running position, the 
line e. m. f. and the e. m. f. produced in the stator due to the 
rotor currents might have any phase relation in respect to each 
other, and therefore, sometimes these e. m. f.s will be in such a 
relative position as to add each other. If this latter condition 
occurs a very heavy current inrush will take place which natur
ally will result in flickering of the lamps and enormous strains 
in the motor . 

In Figs. 7 , 9 , 1 4 and 1 5 these current inrushes are shown b y 
the line a. This current inrush phenomenon can naturally not 
occur in a polyphase motor with automatic starting device 
because in this kind of motor all the switching is performed in the 
rotor circuit and not in the line circuit. 

The diagrams and methods given by M r . Hamilton are in 
every respect according to m y judgment very useful and applic
able to the average run of machines on account of their simplicity, 
but in applying these methods, it must always be borne in mind 
that in many cases certain assumptions have been made in order 
to get simple relations. Only b y bearing these assumptions 
clearly in mind will it be possible for a designer to safe-guard 
himself against disagreeable disappointments in case of a new 
design of a special machine. 
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In motors with automatic starting devices such as described, 
the circle diagram as ordinarily used is not strictly true, due to 
the fact that the rotor has two windings which have different 
values of resistances and leakage reactance. Therefore, the 
ratio of distribution of the currents in these windings will depend 
to a large extent upon the speed at which the armature rotates 
in respect to the rotating field produced b y the stator. This 
hint, I believe, wilt be sufficient to indicate why the circle dia
gram as usually used does not hold strictly true for this class of 
motors. Practically speaking, however, it is fortunate that in 
most cases the change in ratio of distribution is not sufficiently 
serious to prevent the designer from making use of this very 
excellent method of the circle diagram. 

SLIP-
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The primary copper losses in a circle diagram are commonly 
represented b y the distance of the line 0 — 6 from the horizontal. 
See Fig. 1 6 . This representation is very nearly correct in all 
cases when current values are many times larger than normal 
current. For current values nearly equal to normal or less than 
normal the line 7 — 8 = y no longer represents the copper loss 
correctly. Here again a word of warning should be said. The 
line y represents the primary copper loss correctly only in case 
of motors with very small idle current. If the idle current is 
large, such as will occur in low-speed machines, then the line y 
represents a loss materially below the real stator copper loss. 

Another point, which demands that the designer have clearly 
in mind the real laws which govern the circle diagram, is in case 
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of using the vector 0 — 5 in Fig. 1 6 as representative of the 
secondary current. If the stator and rotor are wound with the 
same number of turns, the scale for the vector 0 — 5 , is strictly 
speaking, different from the scale used for the primary current. 
Fortunately, in most practical cases the difference in scale be
tween these two vectors is rather small. But in case of machines 
with very large idle current the difference in scale between this 
rotor current and stator current may reach an appreciable value. 
Strictly speaking, the scale of the secondary current is equal to 
the scale of the primary current multiplied b y the coefficient 
1 + 0 * 1 , where <J\ represents the leakage coefficient of the stator. 

I want to emphasize that I do not recommend in any manner 
that the refinements just discussed should be used in daily 
designing work in preference to the simplified methods, but it is 
necessary that the designer, when using these simplified methods, 
remember the assumptions which have been made in order to 
safeguard himself against disappointments. 

In the beginning of this discussion, mention has been made of 
the influence which the location of the starting winding has on 
the starting characteristics of the motor . 

In order to determine the starting conditions it is convenient 
to make use of a simple method for determining the slip. Fig. 
1 6 represents a circle diagram. The lines 0 — 6 and 0 — 3 repre
sent the stator and rotor losses respectively. In order to deter
mine the slip for any load condition, say point 5 , draw the line 
1 — 3 parallel to 0 — 6 and draw 0 — 1 vertical to the base line. 
Connect points 0 and 5 , and the ratio of line 1 — 2 to 1 — 3 repre
sents the slip. 

In an automatic-starting motor two circle diagrams exist. 
For instance in Fig. 1 7 the circle 0 — 5 — 3 — 4 represents the 
conditions for a fully short-circuited rotor, and that is "running 
condi t ions," and circle 0 — 1 5 — 9 represent the starting condi
tions. The line 9 — 8 represents the starting torque and dis
tance 9 — 1 7 the corresponding starting current. The distance 
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of line 0 — 8 from the base line represents the primary copper 
loss when the motor is operating on the starting winding. For 
the load point 1 5 corresponding to torque 1 5 — 1 6 we find the 
slip b y drawing 9 — 1 1 parallel to 0 — 8 . The line 0 — 1 5 

1 1 - 1 4 
cuts 9 — 1 1 in point 1 4 and the slip is given b y the ratio — — — ^ -

When the motor is running with this slip and the automatic 
short-circuiting device operates, the machine continues to run 
momentari ly with the same slip but now the circle 0 — 5 — 3 — 
4 must be used in order to determine the condition immediately 
after the rotor has been short-circuited. In order to find on 
the running circle 0 — 5 — 3 — 4 the point which corresponds 

1 1 - 1 4 
to the slip ^~ draw line 9 — 1 0 parallel to the primary 

copper-loss line 0 — 4 and line 1 4 — 1 3 parallel to 0 — 1 0 . 
Connect points 3 — 9 line. This cuts line 0 — 1 1 at point 1 2 . 
D r a w lines 1 2 — 1 3 , and make 3 — 1 parallel to 0 — 4 . The 
line 0 — 2 cuts the circle at 5 and this is the load point on the 
running circle in the moment of switching when the motor 
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1 - 2 \ 
I. The line 3 — 6 is the starting torque which the rotor 

1 — o / 

would have if it were started with running and starting winding 
short-circuited. 

The line 1 7 — 5 represents the current drawn from the line 
immediately after the short-circuiting device has operated. 
It will be remembered that line 1 7 — 9 represents the starting 
current. If the starting current and the "current k ick" at the 
moment of short-circuiting the rotor are supposed to be alike, 
then the lines 9 — 17 and 1 7 — 5 must be made equal. 

In the motor with automatic starting devices the starting 
currents 9 — 17 and the current kick 5 — 17 are usually made 
300 per cent of normal current. For this assumption of starting 
current a series of diagrams similar to Fig. 17 has been drawn, 
and different values of the starting circle 0 — 1 5 — 9 have been 
assumed but working circle 0 — 5 — 3 — 4 has* been held 
constant. 

In-Fig. 18 the starting torques, and the pull-in torques for 
different values of the starting circle 0 — 1 5 — 9 have been 

starting circle 
plotted as function of diameter current of : ;——. 

running circle 

This diagram shows clearly that the starting torque decreases 
with decreasing diameter current of the starting circle, that is, 
with increasing leakage of the squirrel-cage starting winding. 
The pull-in torque on the other hand increases with increasing 
leakage of the starting winding up to a point near the value at 
which the starting torque is zero. 

These curves demonstrate very clearly how a certain amount 
of increased leakage in the starting winding is beneficial for the 
starting period, because it decreases the starting torque and 
increases the pull-in torque. 

The curves have been derived for a motor with 8 per cent 
leakage, a maximum h. p . of 220 per cent of normal, a maximum 
torque of 280 per cent of normal, and a starting current and 
switching current of 300 per cent. The imaginary starting 
torque of the motor with starting winding and running winding 
short-circuited was assumed to be 153 per cent. 

B y changing the relations of maximum h. p . , torque, etc. the 
curves given in Fig. 18 will change their absolute values. The 
general characteristics of these curves remain, however, unaltered. 

Fig. 18 also indicates the values which the curves for starting 
torque and pull-in torque approach asymptotically. It is a very 
simple matter to determine the asymptotes of these curves but 
it will lead us too far to discuss it here. 

H . W . Eales: I do not know that I understand from reading 
M r . Hamilton's paper, the exact relation of the circuits in this 
machine, but I take it that the main secondary or rotor circuit 
is open at the moment of starting. If that is so, I can suggest 
to M r . Hamilton from m y experience with similar design, that 
some consideration must be given to the condit ion of insulation 
in the rotor, and to the matter of keeping these contacts clean. 
It was m y lot some ten years ago, when sent out on a trouble j o b , 
to investigate some trouble on a wound rotor induction motor 
in a grinding factory where motors were subject to large amounts 
of steel and dust. The motor in question was one of the most 
expensive makes of motors on the market. This particular 
trouble had never before been experienced, but investigation of 
the operating condition showed that the motor , started with the 
secondary open-circuited except on one phase having resistance 
in it. A high voltage was induced in the open circuit with the 
result that a breakdown occurred in the insulation. Those 
motors did not last more than a month and were taken out of the 
plant and rewound, using special insulation to overcome the 
high-voltage stresses; I mean high voltage with respect to the 
normal voltage of the rotor. 

F rom the practical standpoint this motor will obviously lose 
its advantages if the automatic governor or starting switch does 
not function perfectly. W e have the assurance of the author 

of the paper, that the type of governor, bo th of this particular 
make and other motors of this type, has been so well developed 
in the single-phase line of motors, that we need anticipate no 
trouble. Obviously this is a feature of the design that needs to 
be perfectly " fool proof ." If anything happens to the starter, in 
an ordinary motor , as shown b y various oscillograms which 
have been presented, it is not impossible to throw the motor on 
the line and after starting it the defective starter can be taken 
off or another substituted. 

In this particular type of motor , if anything goes wrong* the 
motor is out of commission. It would be very interesting if the 
author would indicate something about the limitations of the 
operation of this governor with respect to voltage variations on 
the supply circuit, e tc . I am not sufficiently familiar with 
complete figures on up-to-date designs of polyphase motors, but 
it occurred to me that the slip shown in the tables for this motor, 
was slightly in excess of that of other types of motors. It was 
noted that the full-load speed of the motor selected for the paper 
was 1725 rev. per min., and the slip 4.7 per cent full load. The 
figure that I have in mind for motors of this type, is something 
like 1740 rev. per min. at full load. I do not know whether this 
is a characteristic of the design of this type of motor , or if it just 
happened that way for this one particular sample. 

A n interesting feature in the last three oscillograms shown 
was the fact that the first oscillogram had a 10-h. p . , single-phase, 
repulsion induction motor , the second was an automatic-start 
motor , and the third an ordinary polyphase induction motor . 
The scale on the screen was not given, but I take it, it was the 
same for the purpose of comparison. It is interesting to note 
that regardless of conditions with the starting current, the three 
motors came up to speed approximately in the same time. 

One more word with regard to the governor switch which I 
failed to mention. As a former member of the Safety Device 
Commit tee of the Institute, I am very much interested in this 
governor switch. A m o n g the points mentioned b y M r . Weichsel 
is that the sliding is done on the secondary circuit, and assuming 
variations in the power supply, momentary drops in voltage do 
occur. It seems to me that it may be possible to reduce materi
ally the number of protective devices in a motor of this type. 
Unless there is some danger of the motor starting under load when 
this is not desired, there would be no need for under-voltage 
release coils, because if the power supply failed and then returned, 
the motor would come up to speed automatically. The only 
danger in eliminating the safety device would be the starting 
of a motor attached to a machine or device which might injure 
persons. 

E. S. Pillsbury: I would like to ask M r . Hamilton if he has 
tried the experiment of switching a motor of this type, from a 
relatively smooth voltage to a relatively rough voltage wave, to 
determine the change in iron loss. 

A . M . Harrelson: The only thing that occurs to me that 
has not already been brought out this evening is the question in 
regard to temperature rise on the starting winding in the rotor. 

I would like to have M r . Hamilton touch upon any informa
tion he may have as to what the temperature rise is in the rotor 
winding and how often the motor can be started without causing 
trouble. 

I agree with M r . Hamil ton that the starting winding in the 
top of the slots gives better starting characteristics, as is clearly 
shown in the circle diagrams showing comparative conditions 
with starting winding in top and in bo t tom of slots. The wind
ing in the top of slots has the advantage of being cooled by the 
air as the motor comes to speed. 

A . H . T i m m e r m a n : There is little to add to the discussion 
except to point out the fact that a motor of this type does not 
cause the disturbance in the line made b y the ordinary squirrel-
cage motor . In his discussion M r . Weichsel, in describing his 
oscillograms, taken a number of years ago while carefully study
ing this subject, showed that the squirrel-cage type of motor 
when started b y a compensator incorrectly operated, may cause 
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a disturbance equivalent to twenty or thirty times normal full-
load current. Wi th the type of motor discussed in M r . Hamil
ton's paper, no such condition can be obtained, because as M r . 
Weichsel pointed out, the switching operation which consists of 
short-circuiting one of the armature windings, does not open or 
change the primary circuit connections. 
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W . L. Upson: In considering all these losses, added losses 
and so on, I notice that the friction and windage losses are pretty 
nearly 5 0 per cent of the total. It seems as though in the paper 
and in the discussion, the windage losses were taken more or less 
for granted. W e permit so much windage loss in order to get 
greater capacity. W o u l d it not be feasible or practical to discuss 
in this paper the cutting off some of the windage loss when extra 
ventilation is not needed, that is to say, when the motor is not 
carrying much load? This might be accomplished b y the use of 
a device somewhat similar to the switch used in changing from 
starting to running position, which should operate at three-
quarters load. Would this not considerably improve the effi
ciency at light loads? 

A very striking point brought out b y the speaker was the dif
ference in the operating characteristics with the starting winding 
outside and the starting winding inside of the running winding. 
It seems to me that, in the design of a motor of this kind, this 
brings out the desirability of giving a great amount of attention 
to minute details relating to the arrangement of windings, size 
of slots, and the design of teeth. 

It has been mentioned that motors of this type do not produce 
as great fluctuations on the line as ordinary squirrel-cage motors 
do. Is it possible that, due to this fact, these motors can be 
safely designed for higher flux densities than can be safely used 
with squirrel-cage motors? 

J. L. Hami l ton: The method of getting the winding con 
stant as outlined by Prof. Lanier, is interesting and one that is 
used considerably, and as is shown, agrees with the second 
method employed b y the author. It is therefore apparent that 
there are several methods of getting the winding constant, which 
give the same or approximately the same value, and one may 
therefore select the method which is considered the most easily 
applied. The information given in reference to the fringing of 
the flux at tooth tips, is well brought out. 

In order that we may have this subject properly covered for 
the motor which was analyzed in the paper, the following infor
mation is given: 

In an article b y F. W . Carter, in the Electrical World & 
Engineer, of N o v . 3 0 , 1 9 0 1 , a method is shown for calculating 
the effect of the fringe at tooth tips, and a curve is drawn .from 
the calculations covering a wide range of design constants, that 
is, slot opening to air gap. 

Fig. 1 9 illustrates a field or armature tooth with the opposite 
member solid or not slotted. Fig. 2 0 gives curves showing the 
effect of the fringe. Curve 1 is the same as was shown b y Carter. 
W e have found that this curve may be calculated b y a much 
shorter method than was given by Carter, as fol lows: 

One member, say the rotor, is assumed to be solid, that is, 
it has no slots, and the other member, say the stator, is slotted 
as illustrated in Fig. 1 9 . 

The flux emanates uniformly throughout the crown of the 

tooth of the stator. The fringe flux is assumed to enter the 
rotor uniformly over the distance C D, and to emanate from 
the stator tooth uniformly over the distance A B. The distance 
A B is of such a length as to give approximately 1 3 0 , 0 0 0 lines 
per square inch, for the fringe flux, all of which is assumed to 
emanate from the side of the tooth over this distance. 

The length of B A is divided into equal parts as is also the 
length of C D, and lines are drawn connecting these points. The 
reluctance is obviously proportional to the length of these various 
lines, which is easily calculated. 

B y summing up these fringe lines in these zones, the total 
fringe is obtained. This integrated value divided b y the flux 
which would enter the armature if the tooth were above the lines 
C D, gives the percentage of one half of slot opening or distance 
C D which is to be added to that side of tooth crown. As the 
same amount is to be added to the other side of the tooth crown, 
the above percentage is therefore the correct function of the slot 
opening S, to be added to the tooth crown to get the effective 
tooth crown. B y making these calculations for a number of 
slot openings S, and air gaps G, the curve 1 Fig. 2 0 is obtained, 
which coincides with the curve as given b y Carter. The reason 
for using the length B A which gives the density of 1 3 0 , 0 0 0 lines, 
is that even with 1 3 0 , 0 0 0 lines density in commercial electric 
sheets, the permeability is still about six times that of air. It is 
therefore reasonable to suppose that no appreciable leakage will 
result over a wider, if indeed as wide area. 

Curve 2 Fig. 2 0 , likewise, gives the function of slot opening S 
to be added to the tooth crown, if we assume all of the tooth flux 
emanating from the point B of the tooth. It is probably true 
that this curve gives results more nearly in line with the actual 
conditions, than does curve 1, as it is evident that the fringe 
flux will emanate from a small area at the point B, until a density 
of considerably above 1 3 0 , 0 0 0 lines per square inch results. 

It is evident, as the curves indicate, that as the distances B D 
and A D approach each other; and therefore the functions / of 
slot openings approach each other; that the slot opening S 
becomes very wide as compared to the air gap g, which conditions 
obtain in wide open slots. 

As mentioned above, curve 2 , Fig. 2 0 , gives the constant for 
leakage flux, assuming one member without slots. Prof. Lanier 
has pointed out that when the rotor is also slotted, the leakage 
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constant F, is obtained precisely as from the curves Fig. 2 0 , 
assuming the stator without slot openings. 

If, however, the stator and rotor have a different number of 
slots as is usually the case, the correct cons tan t / , or function of 
stator slot opening, may be obtained from the product of the 
stator constant times the rotor constant, times the ratio of the 
total number of stator slots to the total number of rotor slots. 

In the paper, an arbitrary fringe factor of 0 . 3 7 5 was used as 
experience has shown that for the class of motor under dis
cussion, this value gives consistant results. 

In order that a quantitative idea may be gained as to the effect 
of different values of function / , the magnetizing current calcu
lation of the paper was figured b y using the constant function 
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/ as obtained from curve 1, Fig. 2 0 , which gave a calculated 
magnetizing current of 5 . 8 7 , compared to 5 . 6 4 , the observed 
magnetizing current, or 4 per cent greater. Likewise, the func
tion / from curve 2 Fig. 2 0 , gives a calculated magnetizing cur
rent of 5 . 7 8 as compared with observed magnetizing current of 
5 . 6 4 , or 2 per cent higher. It is well to bear in mind in consider
ing these refinements, that they are not generally justified, as 
for instance, we have assumed in calculating the magnetic flux 
in the paper the applied voltage to the motor is the counter e. m. f. 
of the motor. The counter e. m. f. being slightly less, will give 
a calculated magnetizing current slightly smaller than the above 
figure indicates, and more nearly in conformity with the o b 
served current, 5 . 6 4 . 

It is well in this connection, to point out that utmost care 
should be exercised to get the correct theoretical understanding 
of the various factors in the design, but it is useless to make too 
many refinements in the calculations, such as the slight difference 
in function of slot opening to be used, as it is not practical to 
know the exact dimensions of the tooth and tips to the degree 
which would warrant such close approximation. For instance, 
in smoothing the slot opening S for receiving the wire, the point 
B may be removed to such an extent as to result in a much 
larger variable. 

I agree with Prof. Lanier that in getting the magnetizing 
ampere turns for the tooth, that the density at one third the 
tooth length from the minimum section be considered as the 
average tooth density, will give satisfactory commercial results 
where the maximum density of tooth does not exceed 1 1 0 , 0 0 0 
lines per square inch. 

Prof. Lanier has given seven sources of added iron loss. 
It would be very interesting indeed to know the relative import
ance of each of these component losses. It is the writer's impres
sion that item 5 , or tooth pulsation losses, (hysteretic and eddy 
current losses in the tooth, due to the high-frequency flux 
ripples) is b y far the most important of the enumerated sources 
of loss for motors such as the one under discussion. 

The historical sketch given in M r . Weichsel 's discussion, adds 
materially to the value of the paper. 

The rotor construction with the squirrel-cage winding in the 
bot tom of the slot, is not necessarily better, nor is better starting 
performance obtained. The winding in the bo t t om of the slots, 
readily gives up its heat during the starting period, to the rotor 
core, it is true, but it is also true that the winding in the top of 
the slots also does likewise. There is the advantage of better 
ventilation with the winding in the top of the slot. 

Fig. 2 1 , shows comparative starting characteristics of the size 
and kind of motor analyzed in the paper, with starting winding 
in the top of slot and starting winding in bo t t om of slot, taking 
the same static current. These curves are the result of careful 
tests made with the two rotors. The performance after the 
governor acted, was so nearly alike for the two rotors, that one 
set of curves accurately represents the performance between the 
speed at which the governor acts and synchronous speed. 
It will be noted from a comparison of the curves for the two 
rotors, that the pull-in torque and the static current are the same. 

The static torque and the starting torque, until approximately 
the correct speed for governor action is reached, are materially 
higher for the rotor with the starting winding in the top of the 
slots. Likewise the power factor is materially higher throughout 
the starting period for the winding in top of slot. 

The resistance of the winding in the b o t t o m of the slot, is 
lower than that of the winding in the top of the slot, to give the 
same static current and pull-in torque, due of course, to the 
increase in leakage reactance of this winding. However , even 
though the winding in the top of the slot, takes more energy at a 
given instant, it also develops greater torque in the same pro
portion and therefore accelerates the load in a shorter time, hence 
does not necessarily mean greater heating during the starting 
period, but may in fact result in less. 

The power factor curves Fig. 2 1 show that with starting 

winding in the top of the slot, the motor has a power factor 
throughout its starting and operating range, of not less than 8 0 
per cent. This characteristic is of great importance to central 
stations in obtaining good voltage regulation on feeders, circuits, 
and generator capacities with ever increasing loads. 

The comparat ive results indicated b y Fig. 2 1 have been found 
to obtain in the various sizes of automatic-start polyphase 
induction motors. 

In general we may say, that rotors with starting winding either 
in the top or bo t t om of the slot, are entirely satisfactory in this 
type of motor and may be used with entire satisfaction. 
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M r . Weichsel has stated that the ripples in the stator yoke 
are a summary of the flux ripples in the stator teeth. He also 
states that this may result in a flux ripple in the yoke, of a greater 
or less value than in the individual tooth. 

W e believe both theoretical calculations and observations show 
that the yoke ripples are always of smaller amplitude than the 
tooth ripples. For instance the discussion of this point in the 
paper and oscillograms B and / , also — and L, show two dif
ferent voltage waves applied, one being smooth and the other 
rough, and the ripples in percentage of fundamental wave are 
very much smaller in the yoke than in the teeth in both cases. 

M r . Weichsel 's oscillograms on starting of squirrel-cage motors 
with compensators, correctly and incorrectly, and oscillograms of 
starting the automatic-start polyphase motor which cannot be 
started incorrectly, are very interesting and instructive. 

His oscillograms, Figs. 8 and 1 0 , show a rush of current when 
the compensator is thrown from starting to running position, of 
about 7 0 0 per cent of full-load current. This is not only what 
may happen, but what does very often happen unless considera
ble care is taken in starting squirrel-cage motors with a compen
sator. N o t only does the squirrel-cage motor and its compensa
tor take as much or more current when started properly than 
does the automatic-start motor , which cannot be started im
properly; but the squirrel-cage motor has a very low power 
factor during the starting period, and in addition has a low 
starting torque, appreciably less than full-load torque, if the 
static current and rush of current, when the compensator is 
thrown from starting to running position, is held to 3 5 0 per cent 
of full-load current. 

M r . Weichsel has also clearly shown how the large surge of 
current may occur and in practise is found to occur frequently 
when starting squirrel-cage motors with a compensator. H e 
also points out clearly that the automatic-start polyphase motor 
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has switching of current in the rotor, therefore the opportunity 
for surge of line current is eliminated. 

M r . Eales' question as to whether in this type of motor , the 
rotor insulation has to withstand considerable temperature, and 
also M r . Harrelson's question as to the frequency with which the 
motor can be started without injuring the rotor insulation, may be 
answered together. 

A motor of the specifications analyzed in the paper, was tested 
as follows: 

The motor was started with full load of large inertia, and 
operated at full load for a period of three minutes (minus nine 
seconds, the time necessary for the motor to come to rest), then 
started again. In other words, this motor started and operated 
at full load and started again on a cycle of three minute duration, 
until the motor rose to a constant temperature. It was found 
that the rotor had a maximum temperature rise of less than 45 
deg. cent. There is probably no commercial requirements even 
approximating the severity of this test. As it is not possible for 
a voltage as high even as 50 volts, to occur at any point of the 
rotor winding, it is obvious that no breakdown in rotor can occur 
as long as the rotor insulation is at all intact. Heat-resisting 
insulation is used between the starting winding and the insulated 
winding connected to a short-circuiting device, to take care of 
an extreme condition where a motor is subjected to a starting 
load, far in excess of the full-load capacity of the motor . 

M r . Eales has asked whether complete protection to this type 
of motor can be expected with fuse or thermal cutouts only. 
This type of motor should be amply protected with thermal cut
out of proper size for the motor , except for conditions where the 
motor attempts to start or operate for a considerable period on a 
voltage appreciably below normal. Obviously under this 
condition, the motor could not come up to full speed; and due to 
the greater heating of a motor operating on starting winding, 
and also due to the low speed at which the motor would operate 
and the poor ventilation which would be obtained, it would be 
possible for the rotor to overheat. Where low voltage is likely 
to be applied to the motor , a low-voltage protective device is 
advisable and in all installations, desirable. 

In regard to M r . Eales' question as to the slip of the automatic 
start motor as compared to the squirrel-cage motor , there is no 
reason whatever why the slip of the automatic-start motor should 
be any greater than the commercial squirrel-cage motor . In 
fact the slip should be less for the automatic-start motor than 
for commercial induction motors with compensator, having 
suitable starting characteristics. 

Answering M r . Pillsbury, we have tried the experiment of 
switching a motor of the kind described in the paper, while run
ning idle, from a relatively smooth voltage wave to one of rela
tively rough voltage wave, and found that a very slight increase of 
wattage was observed, of possibly two or three per cent of the 
total iron loss in the motor . W e may therefore conclude that 
relatively rough voltage waves in general, have a small effect 
on the iron loss of the motor , as was also concluded from a study 
of oscillograms shown in the paper. 

As has been pointed out b y M r . Timmerman, this type of 
motor does not cause as much line disturbance as is caused b y 
the squirrel-cage motor with compensator. His remarks as to 
the reliability of this type of motor are also of interest and value. 

In regard to Prof. Upson's remarks as to the possible saving of 
power and therefore increasing efficiency due to reduction of 
windage, I will say that of 250 watts friction and windage loss 
in the motor under discussion, not more than 10 or 15 per cent 
is due to air friction. Therefore, a very slight change in efficiency 
would result if this loss were entirely eliminated. W e have only 
to bear in mind that the usual 16 in. desk fan consumes 80 watts 
and has less than 50 per cent efficiency, so less then 40 watts 
are used in actually driving this fan moving about 1500 cu. ft. 
of air per minute. As this amount of air is far in excess of that 

required for a 10-h. p . motor , a comparative idea is gained of the 
splendid ventilation which may be had for a small expenditure 
of power. 

W e do not believe that polyphase automatic-start induction 
motors should be worked at higher flux densities than are used 
in the squirrel-cage motors , because the same general laws of 
design of the magnetic circuit apply in both cases. 

Failure of Center Shots in Blasting* 
In large-scale blasting, it is customary to fire many shots 

simultaneously. The electric detonators are usually connected 
in series, and are fired either from a power circuit or from a 
blasting machine with large capacity, operated b y hand. 

W h e n firing with a blasting machine, trouble with missed shots 
has been frequently experienced. Under these circumstances, the 
shots that fail to fire are often a group in the center of the series. 
Various explanations have been given as to the cause of the fail
ures. The electrical section of the Bureau of Mines, has been 
making interesting tests to discover the causes of misfire. 

Whatever the source of the firing current generator, magneto, 
or battery the current delivered through a shot-firing circuit is 
determined b y the total resistance of the circuit; and all current 
leaving the positive terminal must return to the negative termi
nal. If a metallic circuit is well insulated, practically all of the 
current keeps within the circuit; but in a shot-firing circuit, 
where the wires are often in contact with the earth as in wet 
holes, and where the insulation of the leg wires is inadequate to 
prevent leakage, the current may take various paths through the 
wet earth. 

CONCLUSIONS 

The results of these tests showed that if a large number of the 
c o m m o n electric detonators are connected in series and fired 
under wet earth conditions, a large leakage of firing current 
occurs, and the detonators at each end of the series circuit may 
fire while the middle ones misfire. The detonators near the 
positive end will fire because not enough leakage has occurred to 
cause a misfire; those near the negative end will fire because 
enough current has returned to the circuit. 

The reason why the middle detonators misfire is not neces
sarily because the current through them is too small to fire an 
electric detonator, but because it is not sufficient to fire them 
before the firing of the end detonators has opened the circuit. 
It has been found in practise, using hand-operated machines, 
that such misfires are more dependent on the current gradient 
in the circuit than upon the minimum value of current, and that 
it does not help much to increase the firing current to the amount 
given b y a larger hand-operated machine. 

RECOMMENDATIONS 

As a means toward the elimination of the misfiring of center 
shots, it is recommended that the following practises be used 
whenever shots are to be fired in wet holes: 

1. Use water-proofed electric detonators with enameled leg 
wires. 

W h e n making connections with enameled leg wires, care must 
be taken to scrape the ends of the wires well, otherwise the 
enamel will prevent good electrical contract. 

2. Fire the shots from an ungrounded power circuit that has 
a capacity of at least 30 kw. 

3. Use extra care when tamping the holes in order not to 
damage the insulation of the leg wires. 

4. Arrange the connections between the detonators so that 
they are supported clear of the earth or any other conducting 
medium. 

*Extracts from Report of Investigations, Bureau of Mines, Depart
ment of the Interior. By . L C . Ilsley and A. B. Hooker. 


